Strength and creep testing for artificial ground freezing by Hampton, Christopher N.
Hampton, Christopher N. (1986) Strength and creep 
testing for artificial ground freezing. PhD thesis, 
University of Nottingham. 
Access from the University of Nottingham repository: 
http://eprints.nottingham.ac.uk/12176/1/378764.pdf
Copyright and reuse: 
The Nottingham ePrints service makes this work by researchers of the University of 
Nottingham available open access under the following conditions.
· Copyright and all moral rights to the version of the paper presented here belong to 
the individual author(s) and/or other copyright owners.
· To the extent reasonable and practicable the material made available in Nottingham 
ePrints has been checked for eligibility before being made available.
· Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title 
and full bibliographic details are credited, a hyperlink and/or URL is given for the 
original metadata page and the content is not changed in any way.
· Quotations or similar reproductions must be sufficiently acknowledged.
Please see our full end user licence at: 
http://eprints.nottingham.ac.uk/end_user_agreement.pdf 
A note on versions: 
The version presented here may differ from the published version or from the version of 
record. If you wish to cite this item you are advised to consult the publisher’s version. Please 
see the repository url above for details on accessing the published version and note that 
access may require a subscription.
For more information, please contact eprints@nottingham.ac.uk
STRENGTH AND CREEP TESTING FOR ARTIFICIAL GROUND FREEZING 
by 
CHRISTOPHER N. HAMPTON, B. Sc 
ý. ýä,.. °sý 
Thesis submitted to the University of Nottingham for the degree, of Doctor of Philosophy 
OCTOBER 1986 
TABLE OF CONTENTS 
ABSTRACT 
ACKNOWLEDGEMENTS 
NOTATION 
CHAPTER 1 INTRODUCTION 
1.1 GENERAL INTRODUCTION 
1.2 OBJECTIVES AND SCOPE OF THESIS 
CHAPTER 2 APPLICATION OF THE AGF PROCESS 
2.1 INTRODUCTION 
2.2 PRINCIPLE OF GROUND FREEZING 
2.3 APPLICATIONS 
2.4 DESIGN CONSIDERATIONS 
2.5 DESIGN PROCEDURES 
2.6 LABORATORY TEST REQUIREMENTS 
2.7 STRESS AND TEMPERATURE DURING 
CONSTRUCTION 
2.8 SUMMARY 
CHAPTER 3 MATERIALS AND SPECIMEN PREPARATION 
3.1 INTRODUCTION 
3.2 MATERIALS STUDIED 
3.3 LITERATURE REVIEW ON PREPARATION 
METHODS 
3.4 PREFERRED PREPARATION METHODS 
3.4.1 Preliminary experimentation 
3.4.2 Methods adopted 
3.4.2.1 LAF sand 
3.4.2.2 LAL sand 
3.4.2.3 KM clay 
3.4.2.4 Triassic rocks 
3.4.3 Quality of specimens 
3.5 SUMMARY 
CHAPTER 4 SHORT AND LONG TERM STRENGTH TEST 
EQUIPMENT 
4.1 INTRODUCTION 
4.2 REVIEW OF LOW TEMPERATURE STRENGTH 
TEST EQUIPMENT 
4.3 SHORT ERM STRENGTH TEST EQUIPMENT 
4.3.1 UNC cells 
4.3.2 Hoek cells 
4.3.3 Hoek cell pressure system 
Page 
(i) 
(ii) 
(iii) 
1 
3 
6 
11 
13 
14 
16 
20 
21 
26 
28 
30 
31 
33 
34 
38 
42 
42 
46 
46 
46 
47 
47 
47 
48 
51 
53 
54 
59 
59 
60 
62 
4.3.4 Refrigeration of UNC and 
Hoek cells 
4.4 PROGRAMMABLE STRENGTH TEST EQUIPMENT 
4.4.1 High pressure computer 
controlled (HPCC) cell 
4.4.2 Confining pressure system 
4.4.3 Refrigeration 
4.4.4 Loading system 
4.4.5 Instrumentation 
4.4.6 Monitoring and control of tests 
Page 
62 
64 
68 
70 
72 
72 
74 
77 
4.5 APPLICABILITY TO ROCKS, SANDS AND CLAYS 80 
4.6 SUMMARY 81 
CHAPTER 5 SHORT TERM STRENGTH 85 
5.1 INTRODUCTION 87 
5.2 STRENGTH OF FROZEN SOILS 89 
5.2.1 Effect of temperature 89 
5.2.2 Effect of density and ice content 91 
5.2.3 Effect, of degree of saturation 92 
5.2.4 Effect of unfrozen water content 93 
5.2.5 Effect of hydrostatic pressure 93 
and strain rate 
5.2.6 Summary with reference to a 94 
medium sand 
5.3 STRENGTH TESTS ON TRIASSIC ROCKS 97 
5.3.1 Saturated rocks 97 
5.3.2 Unsaturated rocks 98 
5.4 STRENGTH TESTS ON FROZEN SOILS 102 
5.5 DISCUSSION 106 
5.6 SUMMARY 108 
CHAPTER 6 THE CHARACTERISATION OF CREEP 111 
6.1 INTRODUCTION 113 
6.2 CREEP IN RELATION TO AGF 114 
6.3 CREEP MODEL CLASSIFICATION 116 
6.4 EXPERIMENTAL RESULTS 118 
6.5 UNIAXIAL CREEP EQUATIONS 124 
6.5.1 Analytical approach 124 
6.5.2 Empirical approach 126 
6.5.3 Determination of parameters 128 
6.5.4 Comments on uniaxial creep 133 
models 
6.6 TRIAXIAL CREEP MODEL 133 
6.7 ANALYSIS OF MODELS 140 
6.8 SUMMARY 143 
Page 
CHAPTER 7 IMPLICATIONS OF FINDINGS 147 
7.1 INTRODUCTION 149 
7.2 ADVANTAGES OF EMPIRICAL CREEP 150 
EQUATIONS 
7.3 SENSITIVITY ANALYSIS FOR TRIAXIAL 151 
CREEP MODEL 
7.4 CREEP ANALYSIS OF A FROZEN SHAFT 159 
7.5 SUMMARY 164 
CHAPTER 8 CONCLUSIONS AND SUGGESTIONS FOR 167 
FURTHER WORK 
8.1 CONCLUSIONS 169 
8.2 SUGGESTIONS FOR FURTHER WORK 173 
APPENDICES 
APPENDIX A Computer Control Programme for Creep 175 
APPENDIX B Strength Test Results 197 
APPENDIX C Creep Test Results 207 
REFERENCES 213 
tip 
ABSTRACT 
Artificial ground freezing (AGF) provides a means by which 
excavations can be given temporary or permanent structural 
support. It may also be used to control the movement of 
groundwater without the risk of pollution of potable aquifers. 
As AGF is called upon to strengthen ground at ever increasing 
depths, the design process needs to be adapted to account for 
the greater stresses encountered. In strong materials, the 
prime consideration is the short term strength of the materials 
and closed-form formulae can be used in design. In weaker 
materials, the time dependent creep behaviour of the frozen 
ground predominates and more complex analysis techniques have 
been devised (e. g. finite elements). Previous works in this 
field have been chiefly concerned with uniaxial states of 
stress. In this thesis, consideration is given to the problem 
of modelling creep under triaxial stress conditions. 
An introduction is followed by an outline of the general 
applications and design procedures currently used in ice wall 
design. Descriptions are then given of a selection of soils and 
weakly cemented rocks which have been incorporated into a 
programme of tests to investigate both short and long term 
strength behaviour. The apparatus available at the start of 
this project was suitable for uniaxial and low pressure triaxial 
tests only. Equipment subsequently developed to extend the 
confining pressure capability to 12 MPa, is described in detail. 
Short term strength tests show the increase in strength on 
freezing of ground materials is almost entirely due to the 
cohesion contributed by the ice matrix. Analysis of the creep 
test results leads to the development of a new empirically based 
triaxial creep equation for frozen soils. A sensitivity 
analysis of the parameters in this equation is followed by its 
application to a simplified design. Suggestions for further 
work in this field are included. 
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NOTATION 
a inner radius of ice wall 
a intercept of Kf failure line 
A creep equation parameter (Klein, Hampton) 
ASR applied stress ratio 
b outer radius of ice wall 
b creep equation parameter 
B creep equation parameter (Klein, Hampton) 
c cohesion 
c creep equation parameter (Gardner) 
C creep equation parameter (Klein, Fish) 
C creep equation parameter (Fish) 
E activation energy 
6 shear modulus 
h Planck's constant 
H creep equation parameter (Hampton) 
H depth of shaft 
k creep equation parameter (Vyalov) 
K unconfined compressive strength 
K Boltzmann's constant 
KA (Aa) B- creep equation parameter (Hampton) 
K0 
m failure point in creep (Subscript) 
m creep equation parameter (Vyalov, Fish, Jessberger) 
n porosity 
n rate process equation parameter 
n creep equation parameter (Fish, Jessberger) 
N creep equation parameter (Hampton) 
(iv) 
p creep equation parameter (Jessberger) 
ps primary-secondary transition point in creep (Subscript) 
Po overburden pressure 
q external pressure on ice wall 
R universal gas constant 
s radius of plastic zone in ice wall 
s strength-temperature equation parameter 
s creep equation parameter (Jessberger) 
Si degree of ice saturation 
Sr degree of saturation 
t ice wall thickness 
t duration of freeze 
t time since stress application in creep test 
to Frenkel's relaxation time 
tr time to rupture 
tN normalised time (wrt time to failure, tm) 
T absolute temperature 
TM absolute melting temperature 
U pore pressure 
w moisture content 
w creep equation parameter (Vyalov) 
a slope of Kf failure line 
Y bulk unit weight 
d creep equation parameter (Fish) 
AG activation energy 
AS change of entropy 
AG deviator stress 
oaf deviator stress at failure (CDR tests) 
(v) 
e true strain 
co pseudo-instantaneous strain 
Cf strain at failure (CDR tests) 
eNt calculated strain normalised w. r. t. actual strain at 
time t 
true strain rate 
0 temperature below freezing point in °C 
A creep equation parameter (Vyalov, Fish) 
v Poisson's ratio 
Ad dry density 
a total stress 
a' effective stress 
a3 confining pressure 
of failure stress 
GL longitudinal stress 
a ultimate strength o 
a radial stress r 
at tangential stress 
a vertical stress v 
a4 tangential stress 
T normalised time 
0 angle of shearing resistance 
integration factor in creep equation (Fish) 
1. 
CHAPTER 1 
INTRODUCTION 
Z 
3. 
1.1 GENERAL INTRODUCTION 
Artificial ground freezing (AGF) is a construction technique 
used to provide temporary support of excavations in low strength 
water bearing strata (e. g. soils and weak rocks). Freezing is 
effected by circulating a coolant through double walled pipes 
(freeze tubes) installed in the ground around the intended 
excavation. The coolant induces the freezing of pore water 
around the freeze tubes and an impermeable barrier is 
established. The AGF process has been recorded in use as far 
back as 1862 in a coalfield in South Wales. 
Applications of AGF have mainly centred on the construction of 
tunnels, shafts and in-ground storage facilities for liquified 
gases. The limiting factor in its use is the presence of 
sufficient water in the pore spaces of the soil to give, the 
required strength and impermeability. The advantages that AGF 
has over most other geotechnical dewatering processes include 
suitability to almost all soils, its limitation to localised 
effects, the non-toxic nature-of the treatment and its reversi- 
bility (i. e. freezing is a temporary treatment for the duration 
of a project). This allows AGF to be used safely through 
aquifers bearing potable water supplies without permanent 
obstruction or pollution which may be associated with processes 
such as grouting. 
An important characteristic of the mechanical behaviour of soils 
when frozen is the phenomenom of creep. Creep is the 
deformation of a material with time under steady state 
conditions such as constant stress. It has been most 
extensively studied with respect to metals and many theories 
have been advanced on the various mechanisms involved., 
The upper limit of strength of a crystalline solid is determined 
by the stress required to shear one plane of atoms relative to 
another. The is recognised to be of the order of G/20 where G 
is the shear modulus. The fact that metals deform at stresses 
lower than this value is a result of the presence of 
4. 
dislocations and vacancies within the crystal lattice (Gittus 
1975). In well ordered crystalline solids creep can be 
considered a function of the gradual migration of crystal 
defects or dislocations under the influence of a shear stress. 
The structure is considerably weakened by their presence as the 
shear stress need only move single atoms rather than whole 
planes (the strength can be reduced from G/20 by a factor of 103 
to 104, Sully 1949). The process of dislocation migration is 
shown schematically in Fig. 1.1. A secondary consideration is 
the slip that occurs along the grain boundaries which form 
between adjacent crystals. The effect of grain boundaries on 
creep is temperature dependent and below 0.5 Tm (the absolute 
melting temperature) can lead to a decrease in the steady-state 
creep rate (Bernasconi and Piatti, 1979). 
The primary stage of creep is characteristic of strain hardening 
which, in metals, is caused by the generation and movement of 
dislocations. At temperatures above 0.4 Tm, dislocation creep 
settles to a constant rate (secondary creep stage) when the rate 
of generation of dislocations is balanced by the recovery 
processes such as climb and cross slip (diffusion processes). 
Microstructural instability (grain growth, recrystallisation) or 
mechanical instability (necking, development of cracks) can 
disrupt these steady state conditions to produce accelerated or 
tertiary creep and eventually rupture (Evans and Wilshire, 1985). 
Frozen soil creep relies on the inhomogeneous nature of ; he 
material. Essentially consisting of a mixture of soil grains 
and ice the stress distribution through frozen soil is uneven 
and local concentrations of stress are exerted on the ice 
between adjacent soil particles. Ice is susceptible to pressure 
melting and as a result of the concentration of stress, this can 
occur on a microscopic scale within the soil structure. The 
resulting flow of melted ice away from this zone of high 
pressure allows the soil particles to reorientate themselves and 
relieve the stress. The melted ice flows to adjacent regions of 
lower stress where it refreezes, (Fig. 1.2). On the microscopic 
scale this produces creep deformation with time. 
Dislocation 
5. 
Shear Stress 
Fig. 1-1 Shear of metal crystal lattice 
by dislocation migration. 
Shear 
Stress 
Stress 
Concentrat 
Ile 
a) 
Inhomogenous material. 
Stress concentration 
between soil grains. 
Reorientation 
Flow 
b) 
Pressure melting of ice. 
Flow to regions of tower, stress. 
Reorientation of soil grains. 
Fig. 1.2 Shear of frozen soil matrix 
by pressure melting of ice. 
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1.2 Objectives and scope of thesis 
The scope for research into AGF can be classified under three 
headings. 
(i) Field instrumentation and monitoring of construction. 
(ii) Field and laboratory testing. 
(iii) Methods of analysis and design. 
Research into any one of these classifications can emphasise the 
need for research in the other two so that they are all 
interlinked, as shown in Fig. 1.3. 
Monitoring the behaviour of the soil during a construction can 
yield valuable information on both the condition of the 
excavation and the appropriateness of the design method. The 
main areas of interest in field monitoring of frozen soil 
constructions are summarised by Jones (1984) and include 
temperature distributions, geostatic and pore water pressures 
and movements of both the ground surface and the excavation 
walls. To investigate the whole history of a site during both 
freezing and construction, the necessary instruments must be 
installed in vertical boreholes and reliable instruments are 
available for these investigations (Hanna, 1973, Jessberger, 
1980). The expense involved in extensive projects of this 
nature is restrictive but the results of some field research 
during construction through frozen ground is available in the 
literature (Aerni and Mettier 1980, Altounyan et al 1982, 
Funcken et al 1980,1983, Neerdael et al 1983). The results of 
a field monitoring exercise can affect not only the way in which 
future projects are designed but can also influence the type and 
magnitude of testing used to provide design parameters. 
The properties of frozen soil are known to be both stress and 
temperature dependent and information gained on their relative 
magnitudes from field monitoring exercises can influence the way 
in which future designs are approached. Investigations into the 
mechanical response of frozen ground materials, either in the 
7. 
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of Construction 
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Fi-eLd and Methods of 
. 
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Fig. 1.3 The AGF research triangle 
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field or in the laboratory, can also affect the design procedure 
and it is this aspect of the AGF research triangle which is 
addressed in this thesis. 
Research into testing techniques covers both the development of 
apparatus and proof of its suitability to a range of materials. 
For this thesis, materials were chosen which were representative 
of the soils and rocks lying above the coal measures in the 
Nottingham region as water exclusion by freezing has frequently 
been employed during shaft sinking (the most recent examples 
being Selby mine in N. Yorkshire and the Asfordby mine currently 
being constructed in N. E. Leicestershire). In Chapter 3, these 
materials, which include a silty sand, clay and some weak rocks, 
are described and the results of the appropriate index tests 
tabulated. Also described are the Brussels sand used by Gardner 
(1985) and a surrogate obtained from the same geological 
formation in Scotland. 
Field testing as a preliminary to design is not generally 
practical as it involves the early installation of equipment on 
site. A recent example of field testing resulted from the 
recourse to freezing to provide a strengthened roof over the 
excavation of the Louise metro station in Brussels (Gonze et al, 
1985). The natural moisture content of this Brussels sand was 
just 4% (i. e. 21% saturated) and the freezing trial demonstrated 
the need for irrigation of the sand during the main freeze. 
Field testing is beyond the scope of this thesis. 
Testing in the laboratory is more generally employed and is 
preferred here. Field frozen material is, not generally 
available and most research relies on laboratory preparation and 
freezing of suitably sized specimens. The techniques developed 
at Nottingham for producing frozen specimens of the four soils 
studied are described in Chapter 3 along with some details of 
the equipment used. The integrity of the resulting specimens is 
tabulated with a statistical analysis of repeatability and 
quality. 
. 
9. 
The main emphasis in this study was placed on the further 
development of testing equipment at the University. In Chapter 
4, the full extent of the facilities available is described. At 
the start of this project there existed a single computer 
controlled refrigerated triaxial cell which had been 
successfully used for both short and long term strength tests at 
temperatures down to 
-10°C. The versatility of this apparatus 
made it an ideal initial development but as the demands put on 
the facility increased, the limitations of operating a single 
piece of equipment for all tests were exposed. The options 
available at this stage were, 
(i) Straight duplication of the existing apparatus. 
(ii) Duplication with modifications and improvements. 
(iii) Diversification into specialised cells with the 
degree of sophistication balanced against the 
requirements of specific tests. 
The new apparatus developed during the current, research 
programme can be seen to combine the latter two options to 
provide two types of specialist cells for Short term strength 
determinations, and an enhanced design of computer controlled 
cell for more complex work. 
The new computer controlled triaxial cell extends the confining 
pressure range of the creep testing facility to 12 MPa from the 
previous limit of 1.8 MPa. The refrigerated Hoek cell offers a 
similar increase for short term strength tests and this allows 
the stress conditions found at greater depths of excavation to 
be modelled. This is an important development, as the depth to 
which excavations requiring AGF as a- temporary support are 
proceeding means that the stresses imposed on soil elements 
within the ice wall are increasing. At these greater depths, 
the ice wall needs to provide a considerable strength component 
to support the sides of the excavation while it is temporarily 
unlined. 
The results of short term strength tests are commonly used for 
10. 
two purposes. The first of these is to provide strength 
parameters for the closed-form solutions to ice wall design 
(Chapter 2) and the second to determine the upper limit for 
loading in creep tests. In Chapter 5, the results of short term 
strength tests at constant deformation rates and constant 
stress rates are presented and discussed for all the test 
materials. In this thesis these results are chiefly used as a 
preliminary for the creep tests which follow in Chapter 6. Using 
the new computer controlled cell allowed creep testing to 
extend across a wide range of confining pressures and the 
results show a confining pressure dependence of the point of 
material failure. 
Analysis of these results leads to the presentation of a new 
triaxial creep equation which is demonstrated to be valid over 
pressures ranging from 0 to 11.2 MPa. The implications of these 
findings, with particular emphasis on their engineering value, 
are discussed in Chapter 7. A brief examination of the effects 
of incorrect parameter determination follows. 
Chapter 8 lists-the main conclusions to emerge from this study 
and makes some suggestions for further work. 
11. 
CHAPTER 2 
APPLICATION OF THE AGF PROCESS 
1,2- 
13. 
2.1 INTRODUCTION 
An important aspect of most civil engineering projects is the 
need to provide a bond between the new structure and the earth. 
Formation level for most constructions will be below the normal 
ground level and this will often involve interception of the 
water table. When this occurs, a dewatering process is 
necessary to allow construction to proceed. 
Many techniques have been developed to effect dewatering. The 
direct approach is drainage of the soil which can lower the 
water table over an extensive area if required. Two methods of 
drainage frequently employed are open sumps and well points with 
their associated pumping facilities. The effect of lowering the 
water table on the foundations of neighbouring structures must 
be considered and installation of a coffer- dam to localise 
drainage may be necessary. 
Underground excavations such as tunnels and shafts may be 
drained in another way. By using a suitable system- of air 
locks, excavation can proceed in a compressed air environment 
which prevents flooding and drives moisture from the pores of 
the surrounding soil. Two main problems are associated with 
compressed air work. These are the need to pass all personnel, 
equipment and waste materials through air locks to maintain 
pressure at the work face, and the health hazards resulting from 
changes in air pressure on leaving the chamber. Working at 1 
atmosphere above normal air pressure requires a decompression 
cycle of 10 minutes for safety. At greater depths of excavation, 
or where ground water flow rates are high, pressures' over 21 
atmospheres (38psi) are common and the decompression period 
rises to 2 hours. 
An alternative to drainage is grouting. This involves the 
injection of a slurry into the pore spaces to replace the ground 
water and provide an impermeable barrier when set., Grouting is a 
non-reversible process but has the advantage of strengthening 
the ground as well as dewatering. A wide range of grouts are 
14. 
commercially available and are generally suited to coarser 
grained soils which allow the grout slurry to flow freely on 
injection. Fig. 2.1 shows the particle size range over which 
each dewatering process is generally applied. 
Artificial ground freezing is shown in Fig. 2.1 to be a 
versatile process applicable to almost all soil types which 
contain, or can be made to contain, water in their pore spaces. 
This chapter will look in detail at the principles involved in 
ground freezing and the applications to which it has been put. 
Important aspects of the design of an ice wall are then 
discussed along with the procedures employed to satisfy the 
design constraints. The chapter concludes by considering the 
information required from laboratory testing to enable design to 
commence, and that required from field instrumentation for 
justification of the procedures used. 
2.2 Principle of ground freezing 
On freezing, the groundwater is converted to interstitial ice 
and this has the twin effects of strengthening, the soil and 
forming a water impermeable barrier. This is usually a 
temporary treatment, although the thawing process may reveal 
changes in moisture content, density and particle orientation. 
The ground freezing technique avoids the settlement problems of 
sheetpiling, which are associated with vibration, and is 
non-toxic, making it better suited than grouting when 
penetrating potable water aquifers. 
Ground freezing is effected by installing and interconnecting a 
series of freeze tubes around the intended excavation. A freeze 
tube consists of two concentric pipes and the refrigerant is 
supplied from a ring main to the inner pipe of each tube. It 
returns through the annulus to be vented to the atmosphere or 
recirculated to a compressor unit. 
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On refrigeration, a column of ice will build up around each 
freeze tube. When these columns merge an ice wall is 
established. The method of circulation of refrigerant through 
each tube dictates that the far end will be coldest and a 'pear' 
shaped column often develops with brine systems. Typical 
temperatures are 
-25°C at the base, rising to -23°C at the top. 
A faster freezing cycle can be achieved with liquid nitrogen. A 
liquid nitrogen reservoir is connected to the ring main and the 
cryogenic liquid extracts its latent heat of vaporisation from 
the soil at the base of the freeze tube. The cold vapour then 
passes up the annulus, still cooling the soil, before venting to 
the atmosphere. Ice columns formed in this way are more bulbous 
and temperatures range from 
-196°C at the base, to typically 
-120 to -20°C on the surface. Fig. 2.2 shows the stages involved 
in ice wall growth. 
The use of cryogenic systems is generally limited by cost to 
small scale projects and/or where speed is critical. 
2.3 Applications 
Artificial ground freezing (AGF) is most commonly used for 
temporary stabilisation and strengthening of soils. Fig. 2.3 
shows some arrangements of freeze tubes designed to provide 
temporary support. Fig. 2.3a shows a freeze tube pattern 
established to provide a stiff, impermeable wall and floor to an 
excavation. The main details of this arrangement are a double 
ring of freeze tubes providing the wall and a regular pattern 
within these rings providing the floor. If the excavation is 
large, the core may be unfrozen at the start, but in many cases 
will be frozen (Braun et al, 1978). 
A special case- of this method is shown in Fig. 2.3b where a 
bottom cut-off is provided by an impermeable layer of soil or 
rock. AGF is only needed here to provide a cylindrical wall of 
ice. The freeze tubes should penetrate into the impermeable 
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layer to reduce the risk of leaving an unfrozen window in the 
ice wall. 
In tunnelling applications both horizontal and vertical freeze 
tubes can be used. Fig. 2.3c shows an example of this where 
short lengths of ground are surrounded by near horizontal freeze 
tubes and a cut-off established before excavation of the tunnel. 
This process is repeated until competent ground is reached. 
This method of freezing was used on the Milchbuck tunnel (Schmid 
1981). 
The final example shown in Fig. 2.3d is one of underpinning. 
The frozen ground temporarily stabilises the foundations of an 
existing building to allow the encroachment of a new excavation. 
Details of the underpinning process are given by Harris (1985). 
The above examples have shown AGF in use as a temporary measure. 
In all these cases, permanent lining with concrete or steel 
would follow and, once this is in place, refrigeration stopped. 
Recovery of freeze tubes is not always possible but if left in 
place they are sealed to close a possible flow, channel for 
groundwater and reduce the risk of contamination of aquifers. 
AGF has also been used as a permanent lining technique for 
liquified gas storage tanks. These inground structures are 
excavated after an ice wall and floor have been established and 
the refrigeration maintained until the tanks are commissioned. 
At this stage, the ice wall is cooled by the liquified gas and 
the tanks become self supporting. At Canvey Island in Essex, 
Natural Gas tanks were constructed by this method and the ice 
wall growth arrested by the installation of a thermal barrier 
consisting of conventional freeze tubes circulating a warm brine 
solution. The differential thermal properties of the three 
strata through which the tanks were constructed caused cracks to 
occur and the tanks to leak when greater than half, full. The 
tanks thus become uneconomic to maintain and have been abandoned. 
One other important application of AGF is as a remedial measure 
19. 
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to counter tunnel collapses. Liquid nitrogen charged AGF can 
quickly be installed and ground water flows stemmed. Excavation 
and lining of the tunnel through the troublesome strata can then 
be safely continued. 
Other specialist applications of AGF include slope stability and 
mine capping, an example being the sealing of a disused and 
flooded shaft on the line of the Wrexham bypass (Gregory and 
Maishman', 1973). 
2.4 Design considerations 
Before entering in to any detailed design the local ground 
conditions need to be investigated and a series of boreholes 
usually meet this need. For ground freezing design, the main 
interests are the properties of the geological strata, the 
position of the water table and the location, if any, of 
impermeable or strong rock layers. 
The extent of the zone to be frozen will be decided by the 
properties of the strata such as porosity and strength. 
Borehole logs used in conjunction with an established data base 
can usually achieve this. 
The water table position is important as free water must be 
available in the soil or rock voids for freezing to succeed. 
Harris and Pollard (1985) give a moisture content of 11% as the 
normal minimum required. Below this level, irrigation may be 
introduced as at the Louise metro station in Brussels (Gonze et 
al, 1985). 
Examples of the use of impermeable or strong layers are given in 
Figs. 2.3b and c. These layers act as cut-offs for the frozen 
zone and reduce the number of freeze tubes needed to produce a 
safe working environment. 
The adverse effects of freezing the ground "must also be 
. 
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considered and principal amongst these is frost heave. Frost 
heave arises from the growth of lenses of ice within the soil at 
the position of the zero isotherm or freezing front. Frost 
susceptible soils are generally characterised by a fine grading 
which allows high suction forces to be generated in the presence 
of a free water supply. The effects of frost heave are reviewed 
by Jones (1982) and include disruption of foundations and 
lifting of buildings. 
The thermal properties of the soils to be frozen must be 
considered when designing the ice wall growth. Thermal aspects 
dictate the rate of advance of the freezing front and therefore 
closure of the ice wall. The freeze tube spacing and choice of 
refrigerant will be affected by this. 
Time also becomes important when considering the' deformation 
properties of frozen ground. Frozen'soils and ice, are subject 
to creep deformation under relatively low stresses and this can 
affect the time an excavation can be left open unsupported. 
The principal design considerations can therefore be summarised 
under three headings. The first is to take account of the 
existing ground conditions, the mechanical and hydrological 
properties of the soil and rock layers through which the 
excavation must pass. The second is to look at the effects of 
freezing on the soil behaviour, its strength and creep 
properties and the adverse effects of heaving forces. The third 
is to consider the rate at which the ice columns and, on 
closure, the ice wall will advance. 
2.5 Design procedures 
The AGF design process is often initiated by calculating an 
approximate ice wall thickness based on elastic or 
elastic/plastic deformation. Various models have been 'proposed 
for this calculation when dealing with circular excavations and 
these have been conveniently assembled by Auld (1985). The 
22. 
particular design problem often reduces to either an unlined 
short thick cylinder of ice wall (normal shaft sinking procedure 
in the U. K. ) or a lined long thick cylinder (normal German 
procedure). These two design problems are shown in Fig. 2.4. 
In the case of Fig. 2.4a, if the length of excavation left open 
between lining stages is considerable, then the ice wall 
thickness can be approximately designed using the elastic 
approach of Lame and Clapeyron (1833), 
) 2.1 I=KK t= a( 
-1 
-2Po 
where t is the ice wall thickness, a the internal diameter of 
the wall, Po the external pressure and K the unconfined 
compressive strength of the frozen ground (Fig. 2.5a). An 
improvement to this approximation was made by Domke (1915) who 
introduced a plastic deformation zone at radius, s (Fig. 2.5b), 
2 
t= a [0.29( 
P°) 
+2.30( I) J 2.2 
KK 
with s= ºä and b being the outer radius of the ice wall. 
The approximate solution obtained for the ice wall thickness 
forms the basis of both the thermal and structural analyses 
which follow. Thermal analysis is chiefly concerned with the 
positioning of freeze tubes to meet both temperature and time 
requirements. As the pattern of freeze tubes is normally 
regular, analysis is based on the smallest segment of common 
symmetry, which, for acircular shaft, may be the ice wedge 
shown in Fig. 2.6a. This wedge has a width of one half of the 
freeze tube spacing at the radius of the freeze tube circle. 
Simple techniques for thermal design are given by Sanger (1968) 
" 
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but with the introduction of computers into design offices, 
finite element methods (FEM) can be applied. An example FEM 
mesh is also shown in Fig. 2.6a. 
The temperature distribution with time depends on the excavation 
geometry and the properties of both the soil and the 
refrigerant. The approximate wall thickness, t, and the 
excavation diameter, a, will allow a freeze tube spacing and 
circle diameter to be assumed. The rate at which heat is 
extracted from the ground by this particular freeze tube pattern 
will then be governed by the flow rate and temperature of the 
refrigerant. Ice column growth and closure to form an ice wall 
will follow at a rate determined by the thermal properties of 
the soil. For design purposes, these include thermal 
conductivities both frozen and unfrozen, specific heat capacity, 
quartz content and moisture content. The quartz content greatly 
affects the thermal conductivity. 
The results of a finite element thermal analysis can be 
presented in the form shown in Fig. 2.6b and 2.6c. Isotherms 
are plotted to represent the temperature distribution after set 
time periods and the progress of the zero isotherm can be 
observed. On closure of the ice wall, the temperature profile 
may be-similar to that shown in Fig. 2.6d. 
The final stage of the design procedure is to check the 
deformation of the frozen material under both instantaneous and 
time dependent loading. Design formulae for radial deformation 
have again been assembled by Auld (1985) for the two design 
problems of Fig. 2.4. An alternative and more intensive 
analysis is available using FEM, and a tunnelling example is 
given by Gardner (1985). 
The outcome of, the deformation analysis 
- 
may require a 
reassessment of the particular solution chosen in the wall 
thickness and thermal analysis stages of the design. 
- 
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2.6 Laboratory test requirements 
At each stage of the design procedure described in the previous 
section, information has been required about the general 
properties of the soil to be frozen. Laboratory testing 
normally supplies this information. 
The unconfined compressive strength, K, in equations 2.1 and 
2.2, can be obtained from uniaxial compression tests in 
refrigerated triaxial cells (Chapter 4). Ideally, field frozen 
material should be used in all the laboratory tests but this is 
unlikely to be available at the design stage. 
A mineralogical analysis of the soil can determine the quartz 
content which has a significant influence on the thermal 
properties, specifically the heat flow rate. The ability of the 
soil to conduct heat away from a source will affect the time to 
closure of the ice wall and laboratory measurements of the 
thermal conductivity are required. These can be made by 
monitoring the temperature change with time adjacent to a line 
source heater inserted into a sample of the soil. The thermal 
conductivity is temperature dependent and both frozen and 
unfrozen values are normally measured. Methods of determining 
thermal conductivities are summarised by Farouki (1981). 
The other thermal property needed for design is the specific 
heat capacity. This is a measure of the heat input required to 
raise unit mass of the soil through 1°C and again has 
implications for the ice wall growth rate. 
For the deformation analysis the time dependent properties of 
the soil can be determined from laboratory creep tests. Creep 
tests are typically conducted under constant stress conditions 
using specialised refrigerated equipment (Chapter 4). Analysis 
of, the test results allows parameters to be evaluated for the 
chosen creep model (Chapter 6). 
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2.7 Stress and temperature during construction 
During the excavation of a shaft or tunnel in frozen ground the 
stress and temperature distributions in the surrounding soil do 
not remain constant. Attempts have been made to monitor 
construction temperatures by installing arrays of thermocouples 
in the ground but no similar exercises involving earth pressure 
cells are recorded. In an attempt to illustrate the need for 
such field instrumentation, a postulative distribution of stress 
and temperature with time is presented in Figs. 2.7 and 2.8 for 
the cases of a tunnel and a shaft through frozen ground. 
Fig. 2.7 studies a soil element in the line of the crown of a 
frozen tunnel as the excavation approaches, remains open for a 
period, and is lined. Three mutually perpendicular stress 
directions are considered and as the excavation reaches the soil 
element the principal stresses rotate as the vertical stress 
drops to zero and the longitudinal and tangential stresses 
increase. Creep deformation during the open period will allow 
some relaxation of the stresses in the crown. When the lining 
has been placed and back grouting completed, the vertical stress 
will return and all three stresses may reach their original 
levels as the ground thaws. 
In the shaft example of Fig. 2.8 the element studied is adjacent 
to the wall of the shaft which is being excavated and lined in 
stages from the surface. Here, the radial stress must decrease 
to zero until the lining is in place and consequently the 
tangential stress must increase to provide the wall support. 
The vertical stress is shown to remain constant throughout and 
the others to return to their original levels on thawing. 
Approximate temperature distributions for brine freezing 
accompany both Figs. 2.7 and 2.8 to highlight the warming 
effects of excavation and of hydration of concrete and cement. 
Full instrumentation of a ground freezing site would provide 
valuable information about the stresses experienced during 
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freezing and excavation to quantify this postulative study. 
This would also be beneficial to the design procedure which 
relies on the input of applied stresses for calculating the ice 
wall thickness. 
2.8 Sunmary 
This chapter has covered the general uses of artificial ground 
freezing and shown its versatility over a range of geotechnical 
materials. The applications highlighted include both temporary 
and permanent strengthening of the ground, and water exclusion 
by a well formed ice wall. 
The design procedure for an ice wall around a proposed shaft can 
be considered to involve three stages. An approximate solution 
is used to obtain an ice wall thickness and this is followed by 
thermal and deformation analyses to determine freeze tube 
spacings and suitability of the solution chosen. The results of 
laboratory tests are required by the design process and the need 
to choose suitable stresses to apply in these tests has led to 
the postulative analysis in section 2.7. 
Figs. 2.7 and 2.8 attempt to show how the stresses vary during 
an excavation. The relative magnitudes of the stresses shown 
are not indicative of true values as no documented information 
from field instrumentation is available. The importance of this 
analysis is reflected by the rotation of the principal stresses 
on excavation, a process which can cause great changes in 
material properties. A better understanding of the mechanisms 
involved in the excavation process could greatly improve the 
whole design procedure. 
31. 
CHAPTER 3 
MATERIALS AND SPECIMEN PREPARATION 
_3 2 
33. 
3.1 INTRODUCTION 
The mechanical properties of frozen ground materials tested in 
the laboratory are dependent on the quality of the specimens. In 
order that individual influences on strength and deformation, 
such as stress and temperature 
, 
can be investigated, it is 
important that variations in the internal structure of the test 
specimens are minimised. For the purposes of research it is 
therefore beneficial to manufacture specimens and carefully 
control both the density and water content. 
To meet this condition, three soils have been chosen to 
supplement the studies on Brussels sand reported by Gardner 
(1985). The materials are described in section 3.2 and 
represent contrasting soil types which range from silty clay to 
a medium sand. Also described are a set of triassic rocks, 
mainly sandstone, siltstone and mudstone which, in many ways, 
represent typical materials as recovered from the field. These 
materials are generally more variable in content than those with 
laboratory 
=controlled structures and, as such, produce more 
erratic test results when examined as small specimens. 
In section 3.3 a review is made of the various preparation 
stages and techniques used to obtain laboratory frozen 
specimens. Each technique is limited in its application to a 
certain range of materials and examples from the literature are 
given where appropriate. Leading from this review, section 3.4 
looks at the methods applied to the materials of this study 
after preliminary experimentation had identified the most 
suitable approach. Some reference is made to the laboratory 
equipment either specially designed or adapted for-use for these 
purposes: 
In conclusion, a short statistical analysis of the quality of 
the specimens produced, demonstrates the success of the adopted 
methods. 
4 
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3.2 Materials studied 
Three soils have been investigated during this research 
programme and details of their properties are given in Table 
3.1. Most work has involved an uncemented lower mottled 
sandstone from the Lenton Abbey formation (LAF sand), which is a. 
red, very silty sand with clay outcropping in the Nottingham 
area. Keuper Marl (KM) was used to develop the sample 
preparation technique for clay soils and to prove the 
versatility of the test facility over a range of materials. A 
second sand (LAL), from Loch Aline in Scotland, was introduced 
to supplement the work on Brussels sand (B). Gradings for these 
soils are shown in Fig. 3.1 where the similarity in particle 
size distribution between LAL and 'B can be appreciated. Under 
microscopic analysis, the particle size and shapes of the two 
materials are similar, both consisting mainly of single sized 
rounded grains. 
The properties listed in Table 3.1 were obtained by laboratory 
tests in accordance with BS1377 (1975). The 4.5 kg rammer test 
was used to determine the dry density/moisture content 
relationship for KM as this method was to be employed for 
compacting dense clay specimens during the main test programme. 
The high proportion of fines in LAF suggested that Atterberg 
limits could be obtained and test 2(A) produced a liquid limit 
value. No plastic limit could be obtained and LAF is classified 
as non-plastic. 
In addition to the work on soils, some weakly cemented Triassic 
rocks were recovered for testing from an NCB exploratory 
borehole at the Asfordby mine site in N. E. Leicestershire. The 
rocks consisted mainly of sandstone, siltstone and mudstone but 
included a few conglomerates and breccias. Table 3.2 shows the 
geological strata encountered by the borehole and indicates 
their approximate depths below ground surface level. 
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Table 3.2 Geological strata encountered by Asfordby borehole 
Geological Strata Depth (m) 
314.5 
Keuper Mudstone + 
--------------------- 
318.0 
------------- 
323.2 
Waterstones + 
------------------- 
359.3 
------------ 
362.8 
Basement Beds + 
--------------------- 
371.2 
------------- 
372.8 
Bunter + 
-------------------- 
389.1 
--------- --- 
392.5 
Basal Breccia + 
392.7 
396.7 
Coal Measures + 
399.1 
Table 3.3 Mean values of s ecimen properties for the three 
test soi Is when frozen 
Dry Moisture Degree Height/ 
Density Content of Diameter 
Material Satura- Porosity Ratio 
tion 
pd w Sr n 
LAF 1.53 24.1 96 42 76/38 
KM 1.61 22.0 99 38.3 76/38 
LAL 1.68 19.2 98 36.4 76/38 
38. 
3.3 Literature review on preparation methods 
Laboratory testing of frozen soils for engineering design 
purposes will generally involve the freezing and subsequent 
testing of cores of unfrozen material recovered relatively 
undisturbed from an exploratory borehole. Some machining of 
specimens into suitable shapes for testing may be necessary and 
this can conveniently be undertaken when frozen. Occasionally, 
material may be recovered in a field frozen condition as in the 
case of the Brussels sand work of Gardner (1985). For research 
purposes it is often necessary to be able to strictly control 
the macroscopic structure and recompacted specimens of suitably 
graded material will frequently be used. 
The first stage of preparation of laboratory specimens is to 
select a material with a grading which is reproducable in 
sufficient quantities to complete the test schedule. The size 
and shape of the particles will dictate the way that the soil 
compacts, which in turn, affects the porosity and moisture/ice 
content. Small changes in the soil composition can have great 
effects on the mechanical properties of manufactured specimens. 
Test specimens are often formed from oven dry material which is 
compacted into split moulds to a predetermined density. Sayles 
and Epanchin (1966) and Alkire and Andersland (1973) describe 
this process and vibrate a measured quantity of sand in the 
moulds until the specimen height is reduced to give the required 
dry density. An alternative technique (Sayles 1968) is to tamp 
sand samples into the moulds in layers as this helps ensure a 
uniform density distribution throughout. A standard number of 
blows is used on each layer (Sayles 
- 
10 blows on each of 6 
layers) for consistency, and continuity is achieved by 
scarifying the top surface of each layer. 
In 1976 the vibration technique was recommended for preparing 
sand specimens in the ASTM publication STP 599 (Baker 1976). The 
same report laid down a procedure to be used for producing hand 
tamped samples of air dried soil which was consistent with that 
39. 
attributed to Sayles above. Zhu and Carbee (1983) used this 
procedure for preparing specimens of Fairbanks silt. 
Recently, Baker and Konrad (1985) have reported the use of a 
pluviation technique to produce specimens over a range of dry 
densities. An even rain is obtained by allowing the sand to 
fall through a series of sieves which cause dispersion of the 
grains over the cross-section of the mould. The specimen 
density was found to be related to the size of aperture in a 
funnel directing the sand from a hopper to the sieves. 
Wet compaction of soils into suitable moulds provides an 
alternative method which is well suited to producing clay 
specimens for freezing. Andersland and Akili (1967) mixed air 
dried Sault ste. Marie clay, with preselected quantities of 
distilled water, then allowed a two day equilibration period in 
a sealed container before statically compacting the moist clay 
into moulds. The procedure followed is fully described by 
Leonards (1955). A somewhat different approach by Perkins and 
Ruedrich (1973) produced synthetic permafrost specimens by 
filling a metal mould with distilled water and adding the soil 
in layers whilst tamping to produce a dense pack. 
Sand specimens have also been produced in a moist condition. 
Rein et al (1975) compacted a layer of dry sand into a mould and 
then added a measured quantity of distilled water. The now 
moist layer was further tamped and then the whole process 
repeated until the desired specimen height was reached. 
Parameswaran (1980) and Parameswaran and Jones (1981) produced 
Ottawa sand specimens by compacting in layers at the optimum 
moisture content. A similar method has been adopted by Diekmann 
and Jessberger (1982) for forming sandy silt specimens. Diekmann 
and Jessberger claim that this technique gives the best 
reproducibility. 
Having produced samples of known dry density it is then 
important to control the moisture contents often to the extent 
of obtaining 100% saturation. Alkire and Andersland (1973) 
I 
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produced specimens which were 97% saturated by adding pre-cooled 
de-aired distilled water to their dry vibrated sand. It is 
thought that air inclusions within the sample prevented 100% 
saturation being obtained. By the same technique, 55% 
saturation was obtained with uniform moisture distribution 
throughout the specimen. 
In his recommendations to ASTM, Baker (1976) suggests that 
specimens should be subjected to a vacuum for 2 hours prior to 
any attempt at saturation. It is suggested that this should 
remove any air from the specimen voids and when a de-aired water 
supply is introduced to one end, the vacuum will draw up water 
to saturate. A slow saturation rate should ensure that piping 
does not occur, Once visible signs of excess water appear, 
Baker suggests a further period of 1 hour under 
.a0.5m head of 
water to encourage complete saturation. 
The vacuum saturation technique was used by Parameswaran and 
Jones (1981) in an attempt at completely saturating Ottawa sand 
specimens prepared at optimum moisture content. This method is 
less likely to achieve 100% saturation than that proposed by 
Baker as air voids may remain trapped within the specimen by the 
surrounding moist sand. 
Sandy silt (Diekmann and Jessberger 1982) and silt (Zhu and 
Carbee 1983), have also been shown to be amenable to the vacuum 
saturation technique. 
The next preparation stage is that of freezing. The freezing 
process in soils is accompanied by redistribution of free water 
under the influence of pressure differences between pore water 
and ice, and this needs to be accounted for in the specimen 
preparation procedure. One method is to freeze the specimens 
quickly by exposing all the surfaces to low temperatures. This 
promotes a rapid advance of the freezing front towards the 
centre of the specimen and in the ideal case a three 
dimensionally symmetrical distribution of ice throughout. 
O'Connor and Mitchell (1982) used such a multiaxial freeze 
41. 
method on river silt specimens in a consolidated saturated state 
but report no details of either the method employed or any 
difficulties encountered. 
One drawback with the multiaxial freeze method results from the 
natural 9% volume increase on freezing of water to ice. A water 
saturated specimen subjected to freezing temperatures must expel 
moisture from its pore spaces in advance of the ice front to 
maintain a constant dry density. In the multiaxial -freeze 
method, where the ice front is advancing inwards from all 
surfaces, this can result in a saturated unfrozen core 
surrounded by an ice saturated frozen wall. Further freezing 
will inevitably result in the build up of high internal 
stresses. This may be avoided by controlling the progress of 
the freezing front through the specimen in a unidirectional 
manner. 
The uniaxial freezing method simulates conditions found in 
practice where heat is extracted from the neighbouring soil 
elements by a freeze tube. Laboratory uniaxial freezing 
apparatus are normally designed to allow the freezing front to 
advance along the major axis of a cylindrical specimen. Rein et 
al (1975) stood sand samples on a cold plate at -25°C and with 
the provision of lateral insulation, advanced the ice front to 
the top surface. Excess water was allowed to drain out of the 
specimens at all times up to the completion of the freezing 
process. The direction of freezing was inverted by Parameswaran 
and Jones (1981) and the warmer temperature of -6°C used to 
promote freezing from the top surface. 
Free-movement of moisture, rather than uniaxial drainage, can be 
obtained through an, open system. Open systems include a 
reservoir of water which allows the specimen to take up water in 
response to suction forces set up in the freezing zone. Sayles 
(1968) used an open system which froze Ottawa sand specimens 
unidirectionally from the top surface and incorporated an 
external reservoir to supply de-aired water to the base. This 
system corresponds to the recommendations set out by Baker 
(1976). 
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The open freezing system is ideal for use with sandy materials 
where 100% saturation is desired. Any moisture deficiency in 
the pore spaces may be made up during the freezing cycle to 
produce ice saturated materials. It is, however, important to 
note that frost susceptible materials will allow the development 
of ice lenses within a specimen unless heaving is restrained. 
Zhu and Carbee (1983) successfully froze silt samples using an 
open system by encouraging a fast rate of freezing which 
restricted the magnitude of the suctions developed. 
The final stage in the preparation process is to shape the 
specimens to meet the test requirements. For strength and creep 
testing, this normally involves forming true cylindrical 
specimens with smooth coplanar ends. Shaping normally takes 
place in a cold room and Baker (1976) suggests 
-5°C as a 
temperature which prevents surface thawing of specimens but also 
provides for personnel comfort. A rotary lathe is ideally 
suited to finishing specimens but simpler techniques, using hand 
tools and shaping jigs, may suffice. Whichever method is 
employed, it is important that all equipment to be brought in 
contact with the test specimens should be stored in the cold 
room to avoid localised thawing damage when in use. 
3.4 Preferred preparation methods 
3.4.1 Preliminary experimentation 
The quality of the test specimens is sensitive to the soil types 
and some preliminary experimentation is often needed to find an 
ideal combination of soil and preparation technique. When 
recompacting soils, the first problem is one of obtaining a 
uniform density through the specimen and this can be achieved by 
vibrating the mould or by dynamically or statically compacting 
the soil in bulk or in layers. These techniques were attempted 
for the three soils LAF, LAL and KM and the method adopted in 
each case gave the most consistent values of dry density both 
through the specimen and between individual specimens. The 
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methods adopted are described in subsection 3.4.2 and were only 
suited to providing one particular specimen density for each 
material. 
A target saturation level of 100% was set for the research 
programme and this led to the development of both saturation and 
resaturation techniques. The basic technique was to evacuate 
the pore spaces in the specimens prior to introducing de-aired 
water to the base to allow unidirectional saturation (Fig. 3.2). 
The fine material in LAF was found to be susceptible to migration 
out of the top of the specimens when saturated under vacuum and 
it was therefore necessary to revert to a capillary rise method 
for this material. Most of the rock specimens were successfully 
resaturated under vacuum but some siltstones and mudstones 
suffered from slaking effects. These materials were 
successfully resaturated and frozen by Marchina (1984) after 
development of a new. apparatus based on the standard triaxial 
cell. Both KM and LAL specimens were nominally saturated from 
the compaction stage and no further saturation process was 
deemed necessary. 
The options considered for freezing the specimens were free 
draining and open uniaxial systems. The free draining system 
(Fig. 3.3) had been developed by Gardner (for freezing 21% 
saturated Brussels sand) and was found to be well suited to the 
freezing of nominally saturated materials where a net expulsion 
of water results from the volume expansion to ice. The open 
system was developed through several stages which incorporated 
thermostatically controlled water reservoirs and recirculatory 
systems. The final version (Fig. 3.4) simply relies on good 
lateral insulation to ensure that the zero isotherm penetrates 
through the specimens before the reservoir water freezes. 
Specimens of plaster, sandstone and LAF sand, embedded with 
thermocouples along their central axes, were used to verify this 
behaviour. 
The open freezing system is shown with three-specimens in place 
in Plate 1. The vermiculite insulation has been removed to 
expose the brass tank. 
ýý 
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Plate 1 Open Freezing Apparatus 
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3.4.2 Methods adopted 
The procedures described in this section were used to produce 
38mm diameter frozen soil specimens and 30mm diameter (AX core 
size) frozen rock specimens. 38mm diameter split perspex tubes 
with sintered bronze porous discs clamped across the bottom end, 
were used to form the soil specimens. 
3.4.2.1 LAF sand 
200g of oven dried sand passing a 600pm sieve was poured into 
each tube and the whole vibrated using a Burgess engraving tool 
with an 80mm diameter footing. Vibration continued until the 
height of sand within the mould reduced to a height appropriate 
to the target density of 1.53 Mg/m3. A perforated perspex top 
cap was then clamped in place and each tube stood in a shallow 
water bath for 24 hours to allow saturation by capillary rise. 
The open freezing system was used to freeze three specimens over 
a 48 hour period in a cold room at 
-17°C. The frozen specimens 
were then trimmed to a height of 76mm using hand tools and a jig 
to ensure end squareness. Material was removed from both ends 
to avoid possible freezing and sublimation effects on the test 
specimens. 
A trimmed specimen is shown in Plate 2 along with the end 
platens, membrane and 'o' rings necessary for protection during a 
test. 
3.4.2.2 LAL sand 
200g of dry LAL sand was poured into the moulds which were 
submerged in water. Vibration using the engraving tool 
continued until no further decrease in specimen height could be 
observed. No saturation period was needed for this procedure 
and the specimens were frozen then trimmed as for LAF sand. 
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3.4.2.3 KM clay 
KM was mixed to its optimum moisture content and then compacted 
into a standard proctor mould using a 4.5 kg rammer. The clay 
cake was then extruded into 38mm diameter steel tubes and 
transferred from these to the split moulds for freezing. 
Freezing took place in the free drainage apparatus of Fig. 3.3. 
End preparation followed the same procedures as for the sands. 
3.4.2.4 Triassic rocks 
The rock specimens were received at nominal dimensions of 30mm 
diameter by 60mm high and were tested at these sizes. Each 
specimen. was wrapped in wax paper, with just the ends exposed, 
to minimise any damage in handling. Vacuum saturation was 
preferred but. specimens which were susceptible to slaking were 
frozen as received. The open freezing apparatus was used in all 
cases. 
3.4.3 Quality of specimens 
The properties of the frozen soil specimens prepared by the 
methods described above are summarised in Table 3.3. Mean 
values are given but the degree of scatter about the means is 
not high. The variations in dry density are shown in Fig. 3.5 
and statistical analyses of these distributions show the 
standard deviation about the mean to be 0.02 in each case. The 
mean value for LAF dry densities is the target value of 1.53 
Mg/m3 but for KM the maximum dry density of 1.61 Mg/m3 was not 
consistently attainable. Each LAL sample was compacted to the 
maximum attainable density and Fig. 3.5c shows reproducibility 
to be good by this method. Further details on the quality of 
LAL specimens is given by Tan (1985). 
The degree of ice saturation (si) for each LAF specimen was 
evaluated after testing. The calculations were based on the 
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pre-test volume and post-test oven dry weight and gave the 
frequency distribution shown in Fig. 3.6. These results are 
surprisingly consistent as calculated si values were shown by 
Marchina (1984) to be susceptible to errors giving accuracies of 
t 16% of the true value for specimens of this size. 
3.5 Summary 
Three soils, LAF, LAL and KM, have been described and their 
general properties determined in accordance with BS1377. LAF 
and KM have been selected to extend the range of soils over 
which the test apparatus has been proven and LAL introduced as a 
replacement for the Brussels sand used in previous studies. Some 
weakly cemented triassic rocks are also described in terms of 
their geological horizons and sampling depths in a borehole at 
Asfordby in N. E. Leicestershire. 
The specimen preparation process can be divided into five stages. 
1. Selection of a suitable material grading, taking account of 
the relative sizes of soil grains and finished specimens 
(e. g. Brown 1983 suggests a 10: 1 ratio between specimen 
diameter and maximum grain size). 
2. Forming of the specimen by compaction or consolidation. 
3. Control of the moisture content to attain the required 
degree of saturation. 
4. Control of the freezing process to ensure that the specimens 
are not subjected to high internal stresses or ice lens 
formation. 
5. Shaping to the required tolerances on size and shape. 
A literature review has shown the methods used to complete these 
stages which may in some cases be combined (e. g. compaction of 
49. 
a) LAF n=34 mean = 1.53 s. d. = 0.02 
ell 
1.48 1.49 1.50 1.51 1.52 1.53 1.54 1.55 1.56 1.57 
b) LAL n= 55 mean = 1.68 s. d. = 0.02 
1.63 1.64 1.65 1.66 1.67 1.68 1.69 1.70 1.71 1.72 
c) KM n=15 mean=1.59 s. d. =0.02 
1.56 1.57 1.58 1.59 1.60 1.61 1.62 1.63 1.64 1.65 
Fig. 3.5 Frequency distribution of dry densities 
using preferred preparation methods 
92 93 94 95 96 97 98 99 100 101 
Fig. 3.6 Frequency distribution of degree of 
ice saturation for LAF sand 
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moist soil or consolidation from a slurry combine stages 2 and 
3). 
Reproducibility is an important aspect of any specimen 
preparation method and some flexibility in approach is required 
to suit individual soils. The methods used for each material in 
this study have been given in detail and the reproducibility 
demonstrated by examining the distribution of dry density and 
degree of saturation between specimens. Statistical analyses of 
the dry densities show the standard deviations about the mean to 
be 0.02 in each case and only one KM specimen lies outside the 
limit of t2 standard deviations from the mean. 
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CHAPTER 4 
SNORT AND LONG TERM STRENGTH TEST EQUIPMENT 
SQ 
53. 
4.1 INTRODUCTION 
The design procedures described in Chapter 2 require information 
about the strength and deformation properties of the frozen 
materials. Soils are not of regular composition and 
documentation of frozen properties is not as yet available in 
any great quantities, making laboratory testing necessary in 
many cases. The equipment is readily available for testing the 
strength and deformation properties of soils at ambient 
temperatures, but the adaptation of such equipment to sub-zero 
temperatures can be approached in a number of ways. 
The triaxial compression test cell is able to yield information 
on the elastic modulus, Poisson's ratio, ultimate strength and 
creep strain limits, making it an ideal basis for the 
development of a frozen test facility. At Nottingham 
University, the initial development of a versatile computer 
controlled cell has now been supplemented by further equipment 
which has extended the capability to greater confining pressures 
and soil strengths. 
The original cell was designed to withstand confining pressures 
upto 1.8 MPa and to apply deviator stress consistent with a 
vertical load limit of 35 kN. The computer control includes 
both short and long term strength test programmes. To develop 
the facility further, specialist test cells have-been preferred 
to enable simple tests to be performed as easily and efficiently 
as possible. The designs are detailed in section 4.3 and 
consist of a uniaxial test cell and an adaptation of an existing 
triaxial cell made suitable for low temperature work. The 
triaxial cell can operate at very high pressures and the limit 
of 12 MPa required by the present research is well within its 
operating range. 
The advantage of developing specialist short term strength cells 
is in the release of more complex apparatus for creep testing. 
In section 4.4, the design of a second computer controlled 
apparatus is given. The aim is once again to increase the 
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confining pressure range to 12 MPa and a number of innovative 
deviations from the low pressure cell design provide a more 
versatile apparatus in terms of load capacity and control. 
In section 4.5 the limits to which the four main test cells have 
been taken are described for each of the soils of Chapter 3. 
Each cell is shown to perform well, within its design 
limitations, over a range of soil and rock types. The chapter 
closes with a brief summary. 
4.2 Review of low temperature strength test equipment 
Equipment and test procedures for investigating the mechanical 
properties of soils at ambient temperatures are well 
established. Many tests involve the use of the standard 
triaxial cell, which can impose deviatoric stress conditions on 
a soil specimen, with the method of stressing affecting the type 
of information obtained. 
To adapt this equipment for testing frozen soils, a means of 
maintaining a constant sub zero temperature is required. This 
can be achieved by installing the test facility into a cold room 
with a heat exchanger and forced air flow regulating the 
temperature. Sayles (1963) reports the use of such a facility 
at the U. S. Army Cold Regions Research and Engineering 
Laboratory (USA CRREL) and a similar unit has been established 
at the University of Karlsruhe (Eckardt 1979,1982). Problems 
arising from this approach principally concern the forced air 
flow which can cause temperature instability and induce 
sublimation. Sublimation involves the conversion of pore ice to 
water vapour and the redeposition of the vapour as frost on the 
heat exchanger where the air temperature is lowest. Sublimation 
problems can be eliminated by wrapping specimens during storage 
and installing a protective sheath during testing. 
Temperature stabilisation can be achieved by introducing an 
enclosed test chamber which provides a localised stable 
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environment. Close control of test temperatures was achieved at 
the CRREL facility by back heating the enclosed chamber (Sayles 
1968, Fish and Sayles 1981). Parameswaran (1980) used a 
kerosene bath with an immersed heat exchange coil to provide 
local temperature control. In both these cases, the main 
refrigeration is provided by the cold room and stability by 
small heat exchangers around the specimen. 
A progression from the cold room approach is to construct small 
temperature controlled test chambers to provide localised 
refrigeration whilst allowing the bulk of the apparatus to 
remain at room temperature. Sanger and Kaplar (1963) used an 
air filled freezing cabinet to house a creep test facility and 
similar systems mounted in standard testing machines are 
reported- by Parameswaran and Jones (1981) and Perkins and 
Ruedrich (1973). In each of these apparatus, the specimens were 
cooled by static air. A recirculating air system was introduced 
by Mellor and Cole (1982) along with an independent means of 
refrigerating the test cell base platen. Refrigerating, the base 
platen minimises the temperature gradients within the specimens 
which would otherwise result from the flow of heat from the test 
machine. To test specimens down to -160°C, a low temperature 
cabinet charged with nitrogen has been used by Bourbonnais and 
Ladanyi (1985a, 1985b). At these temperatures, the insulation 
of the cabinet from both the test machine and the outside air, 
becomeacritical if temperature instability is to be avoided. 
Similar to the gas cooled temperature cabinets are constant 
temperature baths. A portable refrigeration unit can be used to 
cool the oil, kerosene, or anti freeze solution in the bath and 
good thermal contact between this solution and the test specimen 
allows close temperature control (Andersland and Alnouri, 1970). 
Alkire and Andersland (1973) then pressurised the bath fluid in 
an enclosed chamber to allow the apparatus to be used for 
triaxial strength tests. This effectively now becomes a self- 
contained refrigerated triaxial cell. 
At Nottingham University, a specialist triaxial cell which 
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includes an internal coil of copper pipe has been developed 
(Gardner et al, 1982). A methanol refrigerant is circulated 
through the copper coil by a chiller/circulator unit and a 
silicon oil, used as the confining medium, readily transfers 
heat from the specimen to the coil. More details of this 
apparatus are given in section 4.4. Other test cells with built 
in refrigeration capabilities have preferred the use of double 
walled pressure vessels to copper coils (Jessberger and Jordan 
1982, Simonsen et al, 1974). 
The way in which frozen soil specimens are loaded has a 
considerable effect on the mechanical response. Tests can be 
categorised under the two headings short and long term strength 
with the latter being concerned with the time dependent creep 
behaviour of the material. For short term strength, stress or 
strain is controlled while the other is monitored. 
Constant deformation rate (CDR) tests are most frequently used 
for short term strength determination. In terms of engineering 
or conventional strain (defined as change of length/original 
length), a CDR is a constant strain rate. However, true or 
natural strain (change of length/instantaneous length) rate 
increases during a CDR test in compression, Reference to 
constant strain rate (CSR), implies true strain rate in this 
thesis. 
CDR test apparatus for frozen soils are generally based upon 
universal testing machines with the addition of one of the means 
of refrigeration discussed above. CDR tests approximate to CSR 
tests when the material fails at a low strain and it is often 
the average strain rate that is quoted. Materials showing less 
brittle behaviour cannot be treated in the same way and 
Andersland and Alnouri (1970) adopted the practice of 
periodically adjusting the deformation rate to approximate a 
strain rate of 5x 10-5 s-1. 
Less frequently used in soil mechanics are constant load rate 
and constant stress rate tests. In rock mechanics, a stress 
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rate of 1 MPa/s is recommended by the ISRM, (Brown, 1983) and 
this is most conveniently achieved through a hydraulic loading 
system with periodic adjustments to the load rate. Constant 
stress rate tests on frozen rocks are reported in Chapter 5 and 
by Marchina (1984) with both studies using this technique. The 
refrigerated test cell is detailed in section 4.3. 
Long term strength testing requires that a specimen be subjected 
to steady state conditions for an extended period of time. The 
simplest form of loading which can approach this condition is 
the imposition of a constant load. For applying small loads, a 
dead weight system can be used but physical constraints on the 
size and stability of the load pan limits this technique. Sanger 
and Kaplar (1963) used a dead load apparatus with bags of lead 
shot providing a maximum vertical force of 2.1 kN. Screw jacks 
supported the load box when not in use and allowed a rapid but 
controlled load application to the specimen. Higher loads can 
be obtained by incorporating a series of levers between the load 
and the specimen. The'system devised by Akagawa et al (1982) 
includes motor driven fulcrums for the two lever arms to ensure 
that the load remains vertical through the specimen. The system 
was designed for a 20 kN capacity. High loads may also be 
applied using hydraulic systems and Perkins and Ruedrich (1973) 
adopted such a system for testing permafrost specimens. 
A closer approximation to steady state conditions can be 
achieved through the constant stress (CS) creep test. To 
calculate the load necessary to maintain a constant stress, 
certain assumptions need to be made about the deformation 
behaviour of the specimen. Most commonly, this involves 
assuming the specimen deforms as a right cylinder of constant 
volume (v = 0.5) such that the cross-sectional area is constant 
throughout the length. This area may then be calculated from 
measurements of lateral strain or from the vertical deformation. 
These assumptions are valid for most materials at low 
longitudinal strains. 
To maintain a constant stress using a hydraulic system, Eckardt 
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(1979) manually increased the load in response to each 1.3% 
increase in cross-sectional area. Similar stepped increases of 
load have been adopted by others with just the step length 
(tolerance) and loading method varying. Andersland and Alnouri 
(1970) used the dead load system and added lead shot to the load 
pan as required. 
Lever loading systems offer a choice of two methods for 
maintaining constant stress. Increases in the dead load account 
for one and adjustment of the lever arm length the other. Sayles 
(1963) used the latter method and incorporated a programming 
wheel or cam to provide automatic adjustment. The cam served to 
change the lever arm length in response to specimen deformation 
and different shaped cams could be fitted to suit a variety of 
specimen sizes and test stress paths. 
More versatile programmable systems have evolved from the 
gradual transition from mechanical to electrical devices for 
monitoring test conditions. Closed loop electrohydraulic systems 
can adjust applied loads in response to time or deformation 
signals and this allows a great variety of load types to be 
imposed. Jessberger (1977) reports the use of a closed loop 
electrohydraulic system for maintaining constant stress in a 
creep test and Jessberger and Jordan (1982) included a 
servohydraulic actuator to apply wave form loading. 
Microcomputer control systems have been developed to control 
apparatus based on electrohydraulic principles and the type of 
test then becomes software dependent (Gardner et al 1982, 
Gardner 1985). 
The advantages of computer controlled and servohydraulic test 
apparatus lie in their versatility and adaptability. At 
Nottingham University, the apparatus developed by Gardner- has 
been supplemented by a second computerised triaxial cell to 
operate at higher confining pressures and by two types of 
refrigerated test cells suitable for short term strength 
testing. These strength test cells provide an alternative means 
of obtaining strength 
-parameters whilst the more complex 
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apparatus is dedicated to long term creep strength. 
4.3 Short term strength test equipment 
The short term strength test cells were designed specifically 
for testing frozen soils and weak rocks on a commercial basis. 
Sufficient instrumentation was included to enable peak stress, 
initial tangent modulus and the shear strength parameters c and 
0 to be measured. The cells were designed to be used with an 
independent loading device which adds to the versatility of the 
test facility. Deformation measurements can be made using a 
dial gauge or linear motion potentiometer (LMP) bearing on the 
crosshead of the machine and load measurements through a proving 
ring or load cell. The load cell and LMP can be used with an 
X-Y chart recorder to automatically produce load-deformation 
recordings. 
The strength test facility is made up of four cells for testing 
in unconfined compression (UNC cells) and three for triaxial 
compression (Hoek cells). The main features of both types of 
cell are described in this section. 
4.3.1 UNC Cells 
The UNC cells were originally designed to accommodate 30mm 
diameter specimens (AX core size) with the specification that 
the design should allow for rapid placement and removal of 
specimens. The main features of the design are shown in Fig. 
4.1 and consist of a steel top plate which acts as a piston 
housing, suspended on three threaded rods above a steel base 
plate. Grade 316 stainless steel base platens of 30mm and 38mm 
diameter have been manufactured and these locate in the centre 
of the base plate. A 2mm diameter hole passing through the end 
platens and the cell base, allows access for a thermocouple at 
the specimen/platen interface. 
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The top plate houses a linear bearing which accepts a 30mm 
diameter piston. The piston has a concave end face which 
matches the convex face of the specimen top platen. The radius 
of curvature of these faces is centred on the specimen/platen 
interface to allow rotation of the end during specimen failure. 
Both the piston and the top platens (30 and 38mm diameter) are 
of stainless steel. 
One of the UNC cells has been modified as a result of 
temperature anomalies observed during tests on LAL sand. The 
three threaded rods have been replaced by a cylindrical 
aluminium wall with a removable section to allow specimen 
placement. This produces a more stable environment for the 
specimen and reduces the magnitude of the temperature gradient 
along the specimen principal axis to a minimum. Temperature 
conditions become similar to those of the Hoek cell. 
Both types of UNC cell are shown in Plate 3. 
4.3.2 Hoek Cells 
The Hoek cell is a standard piece of rock mechanics equipment 
suitable for triaxial testing up to confining pressure of 70 
MPa. The cell was originally designed for use in the field 
where materials recovered from a borehole could be quickly 
trimmed and tested with minimal disturbance. The main feature 
of the cell was the ease of specimen placement which required 
neither drainage nor dismantling of the cell (Hoek and Franklin, 
1968). This is achieved by the inclusion of a thick walled 
membrane which effects a fluid tight seal when bearing on the 
cell end plates. The main components of the Hoek cell are shown 
in Fig. 4.2. 
Two 30mm and one 38mm diameter Hoek cells have been used and 
base plates have been manufactured for each. The base plates 
incorporate end platens with similar thermocouple access ports 
to those of the UNC cells. The top platen and loading piston 
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are also of similar style to their UNC counterparts. Plate 4 
shows the two types of Hoek available. 
4.3.3 Hoek cell pressure system 
For the envisaged test programme, an oil pressure system capable 
of supplying and maintaining confining pressures up to 14 MPa 
was required. The four component parts of the system are the 
Hoek cell, pressure transducer, bleed valve and pump which are 
combined in the manner shown in Fig. 4.3. 
The system was initially built around a hand operated pressure 
pump which required a separate isolator valve to prevent the 
cell pressure from dissipating. This was later replaced by a 
Madan Unicub model C pressure multiplier pump which actively 
maintains the cell pressure to a preset level. The pump 
multiplies a low air pressure (nominal 150 psi or 1.05 MPa) up 
to a high oil pressure with a maximum multiplication factor of 
27. Pressure is preset by a regulator valve on the low pressure 
side of the pump. The oil pressure is monitored by an 
electronic pressure transducer giving an output of 200mV at 2000 
psi (14 MPa) from a 10V d. c. power supply. The transducer used 
was a model P102 manufactured by Maywood Instruments. 
During deformation of the test specimen, lateral strains cause 
the oil chamber in the Hoek cell to decrease in volume and this 
increases the confining pressure. To relieve this pressure, a 
fine needle valve was included in the system and adjusted 
manually in response to changes in the transducer readout. This 
valve also allowed the pressure to dissipate at the end of each 
test. 
4.3.4 Refrigeration of UNC and Hoek cells 
Both types of cell are refrigerated in the same way. The main 
components of each system are a coil of copper pipe, a portable 
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refrigeration unit and the appropriate insulation. The copper 
coils are formed to circulate a methanol refrigerant around the 
outside of the cells. The Hoek cell coils include a flexible 
section in the middle which enables the cell to be removed 
without disconnecting the pressure connections. 
Flexible pipes lead from the coils to the refrigeration unit. 
This is a Freon charged Churchill model 05/CTCV chiller/ 
circulator capable of refrigerating a methanol solution down to 
-30°C. A heater system within the unit allows the temperature 
to be maintained at a set value. The pipes running between the 
Churchill unit and the coils are insulated using 'Armaflex', a 
rubber based product available in sheets and in preformed tubes. 
'Armaflex' sheeting has been cut to shape and fitted closely 
around the cell coils and across the cell tops. Insulation 
between the cell base plate and the test machine needs to be 
both strong and resistant to deformation. A 50mm thick sheet of 
Tufnol meets these requirements. 
Refrigeration time of the two cell types varies, mainly due to 
the greater thermal mass of the Hoek cells. Using one 
refrigeration unit with two UNC cell coils connected in series, 
it was possible to test up to six specimens a day (at 
-16°C). 
Optimum output for the Hoek cell was obtained with just one cell 
and coil per refrigeration unit, yielding a maximum of two tests 
per day. 
4.4 Programmable strength test equipment 
By October 1982,, the creep test facility developed by Gardner 
had been commissioned and used for triaxial testing to 1 MPa 
confining pressure at 
-10°C (Gardner et al 1982, Gardner 1985). 
The apparatus was designed for both short and long term strength 
tests with a Commodore PET microcomputer controlling and 
monitoring each test. 
The cell is made of steel and supported on a lightweight frame 
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which also houses a Bellofram loading cylinder (Fig. 4.4). The 
Bellofram cylinder acts on a piston passing through the base of 
the cell and loads 38mm diameter soil specimens which react 
against the cell top cap. A load cell is incorporated in the 
top cap and electrical signals from this are sent to an 
amplifier and conditioning unit. Refrigeration of the cell is 
by circulation of a methanol solution through a coil of copper 
pipe secured inside the cell. A Churchill refrigeration unit 
similar to those used for the UNC and Hoek cells cools the 
methanol. Temperatures are monitored by copper/constantan 
thermocouples mounted adjacent to the specimen. 
Silicon oil is used as the confining medium as this fluid has a 
low electrical conductivity and provides good thermal contact 
between the specimen and the cooling coils. The fluid may be 
pressurised during triaxial tests by regulating the compressed 
air pressure acting on an air/oil interface. A similar system 
is used for pressurising the hydraulic oil in the Bellofram 
cylinder but with the regulator valve driven by an electric 
motor controlled by the microcomputer. 
Deformation of the specimen is monitored by a linear motion 
potentiometer (LMP) with the signals sent via an analogue to 
digital (A-D) convertor to the computer. The load cell output 
follows a similar path from the conditioning unit to the 
computer where software interprets the information and 
calculates any changes in load which may be necessary. Signals 
can then be sent by the computer to a digital to analogue (D-A) 
convertor and on to the motor to regulate the air supply. 
The system will be referred to as the Low Pressure Computer 
Controlled (LPCC) apparatus in the following text. A new 
apparatus was designed to extend the confining pressure range 
from its 1 MPa limit on the LPCC upto 12 MPa, a pressure roughly 
equivalent to ground pressures at a depth of 600m. A 
correspondingly greater load capacity was required to provide 
deviator stresses in an acceptable range for testing frozen 
soils and rocks at these pressures. 
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4.4.1 High Pressure Computer Controlled (HPCC) cell 
The main body of the triaxial cell is a 150mm internal diameter 
cylinder of grade 316 austenitic stainless steel. This grade 
steel combines high strength, which increases with drop in 
temperature, and good corrosion resistance, to improve on the 
materials chosen for the LPCC cell. The wall thickness is 25mm 
and at each end of the cylinder the external diameter increases 
to 310mm to form flanges for the securing of end plates. The 
two end plates are secured by six 30mm diameter bolts and are a 
minimum of 50mm thick to minimise the bending of the plates when 
the cell is pressurised. A central hole through the top plate 
houses seals and bearings for a 40mm diameter stainless steel 
piston. The base plate is generally 100mm thick to allow room 
for the service ducts bringing fluids and electrical connections 
to the outside of the cell. Fig. 4.5 shows a section through 
the cell. 
The interfaces between the flanges and the end plates are sealed 
against leakage of cell fluid using sealing rings of composite 
construction. A section through the seals is shown in Fig. 
4.6a. At low pressures, the seal is effected by the spring 
within the 'v' section PTFE ring pushing outwards against the 
stainless steel faces. The PTFE ring is deformable and can 
shape itself to the contours of these faces. At higher 
pressures, the confining fluid improves the quality of the seal 
by acting on the inner surfaces of the PTFE and increasing the 
contact pressure. 
The piston housing in the top plate incorporates both seals and 
bearings to prevent leakage of fluid along the sides of the 
piston. The exact arrangement is shown in Fig. 4.6b. PTFE 
stepseals bear on the piston and the seal is activated by 
compression of a rubber 'o' ring between the seal and its 
housing. One seal is sufficient to prevent leakage but a second 
is included as back-up. PTFE bearing rings ensure that the 
piston travels linearly through the top plate. 
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4.4.2 Confining pressure system 
Two major changes were needed to upgrade the confining pressure 
system of the LPCC cell to one suitable for higher pressures. 
Firstly, the compressed air line could not provide high enough 
pressures to act directly on an air/oil interface and secondly, 
the flexible Enots tubing had to be replaced by rigid 10mm 
internal" diameter copper pipe. A two tier pressure system was 
built to allow the cell to operate at both high and low 
pressures. The low pressure system uses an air/oil interface 
whilst high pressures are obtained through a Unicub C multiplier 
pump as on the Hoek cell system. The pressure system is shown 
in Fig. 4.7. Non-return valves on the entry and exit of the 
pump ensure that the high pressures generated by the pump do not 
feed back into the low pressure system. 
The pressure in the triaxial cell is maintained to a minimum 
level by the air regulators in each supply system. An upper 
limit is set separately by a manually adjustable relief valve 
mounted on the outlet side of the cell. The relief valve is 
made necessary by the decrease in volume and, hence, the 
increase in cell pressure as the piston enters the cell during a 
test. The cracking pressure of the valve is determined by the 
choice of spring and the precompression applied. 
The cell pressure is measured by a Druck model PDCR 10 pressure 
transducer which is mounted on the outside of the base plate at 
the end of a fluid duct from the inside. The operating range 
for this device is 0 to 13.5 MPa and the electrical output is 
linear in the temperature range 
-20 to +80°C. The low pressure 
system also includes an air pressure gauge to monitor the 
pressure independently. Silicon oil is used to charge the 
pressure system with the normal test procedure being to fill the 
cell with precooled oil after placement of the specimen. When 
the top cap is in place, and the piston restrained from moving, 
the low pressure system is activated to expel any remaining air 
through the bleed 
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4.4.3 Refrigeration 
The method of refrigeration of the new cell is very similar to 
that described for the other computer controlled cell and the 
UNC and Hoek cells. The coil of copper pipe is situated inside 
the cell with Enots fittings forming a pressure tight connection 
to ducts through the base plate. Flexible pipes direct fluid to 
and from a Churchill refrigeration unit as described in section 
4.3. A methanol solution is circulated in a circumferential 
manner from the bottom to the top of the coil and the high 
conductivity of both copper and silicon oil ensure good thermal 
contact between the refrigerant and the test specimen. Armaflex 
insulation around the cell and pipes ensure that temperatures 
down to 
-20°C can be achieved within close tolerances. The base 
plate is insulated from the test machine by a 50mm thick Tufnol 
plate. The fully insulated HPCC cell is shown in Plate 5. 
4.4.4 Loading system 
Unlike the existing cell with its dedicated bellofram loading 
cylinder, the new cell is essentially portable and can be used 
in conjunction with any loading press. At the time of design 
and manufacture, the only device of suitable load capacity 
available within the Civil Engineering Department was a top 
loading model 301 Farnell machine. The overall dimensions of 
the cell were limited to fit within the confines of this 
machine. 
The Farnell model 301 is a5 ton (50 kN) capacity machine which 
operates at constant deformation rates between 0.00033 and 
4.064mm/min. The speed is selected on a manually operated gear 
box and a three phase contactor box stops and starts the drive 
motor. Additional electrical circuitry allows the on/off switch 
to be by-passed and the machine operated remotely by computer 
controlled relays. Other loading presses can be similarly 
adapted for computer control, allowing a range of loading 
methods to be employed and offering the opportunity to match the 
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strength of the material to a machine of suitable sensitivity. 
4.4.5 Instrumentation 
The cell has been designed to determine the strength and 
deformation properties of frozen soils in terms of total stress 
and strain. This is achieved through the use of instruments 
installed in the cell for measuring vertical load, confining 
pressure, vertical deformation and temperature. All four types 
of instrument supply electrical analogue outputs. 
The load cell is designed to be easily removed from the cell so 
that the operating range and sensitivity of the installed device 
can be matched to the material being tested. The load cell used 
in the current suite of tests was designed for a capacity of 
60 kN. It consists of a cylinder of grade 817M40 (EN24) steel 
with square faces milled and polished on the centre section to 
provide four flat surfaces for the attachment of strain gauges 
(Fig. 4.8, Plate 6). The gauges used are type FCL-6-350, with a 
nominal resistance of 350 ± 1.0 0, and they are bonded to the 
steel so that strain induced in the steel by load on the test 
specimen causes a change in electrical resistance. The 
cross-sectional area of the load cell is reduced by drilling a 
hole along the vertical axis such that a load of 60 kN induces 
1000 microstrain in the gauges. The gauges are connected into a 
bridge circuit which, with a DC supply of 10V, gives an output 
of 2OmV at 1000 microstrain. All the wires from this circuit 
are collected into a 6-pin DIN plug which matches a socket in 
the base plate of the cell. 
The load cell is 30mm in diameter and stands 82mm high in a 
central recess in the base plate. 
Specimen deformation in the triaxial cell is measured by a 
linear motion potentiometer (LMP) mounted on a support bracket. 
The LMP consists of a strip of resistive plastic supplied with 
12 V DC and a wiper arm which taps off a voltage dependent on 
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the position of the push rod. The mounting bracket holds the 
LMP adjacent to the specimen so that the push rod bears on a 
plate held between the specimen top platen and the piston. The 
three wires from the LMP are collected into a DIN plug for 
location in a socket in the base plate. Although only one LMP 
was used in the completed test programme, provision has been 
made for the installation of a second assembly to allow 
measurements of tilt to be taken during a test. Restrictions on 
space within the cell have resulted in the LMPs being sited in 
loading positions such that during compression testing, the push 
rods enter the LMPs, and risk damage, should the limit of travel 
be exceeded. A failsafe device is incorporated in the control 
software to prevent this occurrence. 
Test temperatures are measured by thermocouples which are 
secured to the outside of the specimen after it has been 
surrounded by a membrane and positioned in the cell. 
Copper/constantan thermocouples are used with the free ends of 
the wires collected into miniature thermocouple plugs which 
enter sockets set into the base plate. 
The confining pressure transducer is described in section 4.4.2. 
The use of internal instrumentation introduces the problem of 
leakage of fluid through the cable ducts and along the 
electrical insulation. Attempts to seal the ducts by injection 
of silicon rubber were unsuccessful as the bond between the 
hardened rubber and stainless steel was unreliable. This led to 
the design of two alternative solutions. 
The thermocouple sockets were held in place in the cell by a 
high strength Araldite cement and by ensuring that this cement 
also covered the electrical contacts at the back of each socket, 
an effective but permanent seal was made. For the IMP and load 
cell connections, which terminate in DIN sockets, a concealed 
sealing plate method was devised (Fig. 4.9). The sealing plate 
consists of a disc of Tufnol which houses a rubber 'o' ring. The 
'o' ring is compressed against a recessed face of the base plate 
by clamping the Tufnol disc with six securing bolts. Through the 
Plate 6 HPCC Cell Load Transducer 
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centre of each plate, a series of holes were drilled and tapped 
and then threaded brass pins were cemented in position with 
Araldite so that they protruded from each face. With wires 
soldered to each end of the pins, leakage of fluid was prevented 
through both the cable duct and along the electrical insulation. 
The DIN sockets on the outside of the base were attached to 
mounting plates which fit over the sealing plate recess. The 
sealing plate method could be adapted for use with thermocouples 
by replacing the brass pins with, in this case, copper and 
constantan. 
Plate 7 shows all the instruments installed in the base plate. A 
specimen is shown in position on the load cell and is topped by 
the LMP bearing plate and spherical platen. 
4.4.6 Monitoring and control of tests 
Analogue outputs, from the instruments inside the triaxial cell, 
need to be converted into digital signals before being sent to 
the computer. The analogue to digital (A-D) conversion unit is 
included in a CIL model 6380 multifunction instrument which is 
linked to the computer by an IEEE-488 general purpose interface 
bus. The complete monitoring and control circuit is shown in 
block form in Fig. 4.10. 
The instruments inside the triaxial cell all require a DC 
stabilised supply which is provided by a Farnell model FT 15/2 
power unit. The output of this unit is adjustable in the range 
12 to 15 volts and is currently set at the lower bound. The 
supply is connected directly to the LMP resistive strip and also 
to conditioning units for the load cell, pressure transducer and 
thermocouple signals. CIL model SGA 701 miniature-strain gauge 
conditioning units reduce the supply voltage to the load cell 
and pressure transducer bridge circuits to the required 
-10 
volts, then amplify the mV output signals to a level determined 
by an adjustable gain set potentiometer. The thermocouple 
signals are sent to CIL model TA 100 conditioning units, which 
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incorporate the warm junction of the couple, where amplification 
of the mV signal is again determined by a manually set 
potentiometer. 
The amplified conditioning unit signals and those coming 
directly from the LMPs enter the A-D convertor on shielded 
co-axial cables terminating in bnc plugs. Eight input channels 
are available on the CIL 6380, each with a 16 bit resolution of 
the converted signal. Signals transmitted along the bus 
therefore range between 
-32767 and +32768 bits. 
A sharp MZ-80B microcomputer with integral monitor and cassette 
deck is used to interpret the signals on the bus line, and 
software allows their conversion into recognisable units. A 
listing of the control programme used for creep testing in the 
new triaxial cell is given in appendix A. 
The CIL 6380 instrument incorporates four relays and a four 
channel digital to analogue (D-A) convertor as well as the eight 
channel A-D. Two of the relay channels are used to control the 
Farnell machine which currently provides the load to the 
specimen (section 4.4.4). A microprocessor within the 6380 can 
operate the relay channels in response to changes in input to 
the A-D channels and use is made of this function in two ways. 
The first is a failsafe device which protects the LMPs from 
damage due to excessive specimen deformation by activating relay 
R0, which switches off the Farnell machine. The second use is 
to control the load on the specimen by activating relays RO and 
R1 to switch the Farnell machine off and on in response to 
readings from the load cell. This comparator function is 
initially activated by the computer. 
The MZ-80B is used to calculate the load required to maintain 
-a 
constant stress as the specimen deforms and the 6380 comparators 
are periodically reset to compensate. The current status of the 
test can be displayed on the computer screen in a continually 
updated status table or as a graphical display of strain against 
time. At regular intervals, readings are sent to the MZ-80P4 
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printer to provide a hard copy of the results, and it is also 
possible to record the data onto floppy discs using an MZ-80FB 
dual disc drive unit. 
The main problems encountered during the development of this 
system were due to electrical noise on the data lines. The 
three-phase contactor on the Farnell machine was responsible for 
sending spikes down the relay lines and disrupting the 
electronics within the 6380. This noise was considerably 
reduced by the inclusion of contact arc suppressors across the 
relay terminals. The suppressors are rated at 200 to 250 volts 
AC with a maximum r. m. s. load current of 50A. The weakness now 
lies in the manual change gearbox of the Farnell machine which 
needs to be periodically altered at the start of each creep 
test. A more recent model with a load capacity of 100 kN and 
an electronic gearbox is now available within the Civil 
Engineering Department, and electronic circuitry is currently 
being installed to allow the computer to control the speed. The 
speed will be determined by the voltage output from the D-A 
channels of the 6380 unit. 
4.5 Applicability to rocks, sands and clays 
To prove the suitability of the short and long term strength 
facilities, a series of tests on a range of materials followed 
the equipment development. The UNC and Hoek cells were 
initially used to test 30mm diameter rock specimens at both 
-16°C and ambient temperature. The rocks are described in 
section 3.2 and their variability in composition was 
demonstrated by the range of peak stresses obtained. The cells 
were used to test at a deformation rate of 4mm/min and a stress 
rate of 1 MPa/s, with confining pressures upto 8 MPa kept to 
within the limits ± 4% by the hand pump and bleed valve. 
Three different sands, B, LAF and LAL (section 3.2), have been 
used at various stages in the research programme. Tests on B 
sand in the LPCC cell have been reported by Gardner (1985) and 
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used to prove the apparatus during its development. LAF sand 
was introduced as the UNC and Hoek cells were developed and 38mm 
diameter specimens have been tested at 
-10°C in a constant 
deformation rate machine. Confining pressures in the Hoek cell 
reached 12 MPa. All the creep and strength tests in the new 
HPCC cell have involved LAF sand at 
-10°C with the creep tests 
proving the pressure system and seals upto 11.2 MPa. 
Saturated LAF sand is significantly stronger than 21% saturated 
B sand at 
-10°C and the LAF creep test programme in the LPCC 
cell therefore extended its proven operating range. Saturated 
LAL sand further extended the range of applied deviator stresses 
to 7 MPa in LPCC cell creep tests after the UNC and Hoek cells 
had yielded short term strength characteristics. KM clay 
highlighted the difficulties of testing plastic materials in the 
Hoek cell where the large deformations before failure reduced 
efficiency. The failed frozen clay specimens could not be 
extruded through the aperture in the steel Hoek cell end plates 
and removal was effected only by melting the specimen with a jet 
of warm water. This raised the temperature of the whole cell 
and re-refrigeration was necessary before placement of a new 
specimen. The, HPCC cell is better suited to testing these 
plastic materials. 
4.6 Summary 
In 1982, the frozen soil strength testing facility at Nottingham 
University consisted of a single self-contained low pressure 
computer controlled (LPCC) refrigerated triaxial cell. Testing 
of specimens had been limited to one soil (B) at confining 
pressures upto 1 MPa and with peak deviator stress reaching 8.7 
MPa. Software was available for running constant strain rate, 
constant stress rate and constant stress creep tests. 
The available apparatus has now been extended to four pieces of 
equipment, two cells for measuring short term strength and two 
versatile computer controlled cells. One of the short term 
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strength test cells is suitable for measuring unconfined 
compressive strength (UNC cell) and the other triaxial strength 
(Hoek cell). The pressure system for the Hoek cell is currently 
limited by the pressure transducer to 14 MPa. Both the UNC and 
Hoek cells are refrigerated by externally mounted copper coils 
through which is circulated a methanol refrigerant. 
The second computer controlled cell (HPCC) has been designed and 
built to withstand confining pressures upto 12 MPa. Unlike the 
LPCC cell, this cell relies on an external device for applying 
the deviator stress and in this respect, is portable. The 
loading device can be chosen to suit the particular type of test 
to be executed. Many aspects of the design for the computer 
control system of the HPCC cell are similar to those for the 
LPCC cell, the main differences currently being the choice of 
computer and the devices through which it communicates with the 
analogue instruments. The HPCC cell uses a Sharp MZ-80B 
microcomputer and a CIL 6380 multifunction instrument which 
combines eight A-D channels, four D-A channels and four relays. 
The suitability of the equipment to determine the mechanical 
properties of frozen ground materials has been demonstrated by 
the testing of triassic rocks, three types of sand and a clay. 
Table 4.1 summarises the limits to which each piece of equipment 
has been taken for the respective materials. 
83. 
Table 4.1 Limits of application of the test cells to five 
frozen materials 
UNC Hoek LPCC HPCC 
T +20, 
-16 +20, -16 Triassic Rocks a, N/A 10 
Aa 143.7 106.9 
T 
-5, -10 B Sand o, 1.0 
Aa 8.74 
T 
-10 -10 -10 -10 LAF Sand Q, N/A 12 1.0 11.2 
Aa 12.9 21.7 5.2 6.9 
T 
-10 -10 -10 LAL Sand a, N/A 10.3 1.0 
Aa 15.8 28.9 7 
T 
-10 -10 -10 KM Clay cr, N/A 10 1.0 
Aa 4 10.7 3.2 
T- Temperature (°C) a3 
- 
Confining Pressure (MPa) 
Aa 
- 
Deviator stress (MPa) 
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CHAPTER 5 
SHORT ERM STRENGTH 
O(0 
87. 
5.1 INTRODUCTION 
In Chapter 2, two equations (2.1 and 2.2) are listed and their 
practical usage in ice wall design is described. These 
equations, based on the elastic and elasto-plastic response of a 
hollow cylinder to external stresses, require some knowledge of 
the mechanical behaviour of the materials involved. This is 
frequently provided by short term strength tests in the 
laboratory. Equations 2.1 and 2.2 require a value for the 
unconfined- compressive strength, K, of the frozen soil, while 
more complicated formulae make use of the Mohr-Coulomb failure 
parameters c and 0 when calculating ice wall thicknesses (Auld, 
1985). 
Short term strength tests involve the rapid application of 
stress to a specimen. This stress is normally applied along the 
vertical axis of an upright cylinder of the soil mounted in a 
triaxial test cell. Details of such cells, suitable for testing 
frozen materials, have been given in the previous chapter. 
Stress application can be controlled in a number of ways and 
this can affect the response of the test specimens. The most 
frequently used test involves deforming the specimen at a 
constant rate and monitoring the induced stress. Variations 
include constant strain rate, constant load rate and constant 
stress rate tests. In each case, it is the stress-strain 
response which is monitored. The shape of the stress-strain 
curve- is dependent on the mode of failure of the specimen. 
Brittle failure is characterised by a peak'stress being obtained 
at fairly low strain, while plastic failure allows the stress to 
continue to increase at a decreasing rate through to very high 
strains. 
The. stress measured during these tests is the total stress a, 
which is distributed within the soil as a pore ice pressure u, 
and an effective stress a'. The instantaneous response of the 
frozen soil on application of a stress is to increase the pore 
pressure. With time, this pressure may dissipate as a result of 
localised pressure melting of the ice. In this thesis, the 
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apparatus for measuring the pore pressure within the ice is not 
available and all analysis of results is necessarily made in 
terms of total stress. 
The short term strength test has been widely used in the 
investigation of the mechanical properties of frozen soils. The 
results of these tests are well documented in the literature. 
The behaviour of a particular soil varies with both the specimen 
properties and with the test conditions imposed. Section 5.2 
reviews the general behaviour of one such soil, Ottawa sand (a 
standard sand in the USA), and includes a summary table of the 
results published by various authors. This serves to highlight 
the difficulties incurred in comparative studies of results 
without the inclusion of a comprehensive reference test schedule. 
The strength tests on triassic rocks are discussed in section 
5.3. The results are used primarily to establish the gain of 
uniaxial strength on freezing of saturated rocks. As equipment 
limitations prevented the more slake susceptible rocks from 
being resaturated, the specimens obtained from these samples 
were tested in their unsaturated states. The results are used 
in an analysis of the effects of degree of saturation on 
uniaxial strength of both unfrozen and frozen rocks. A limited 
number of triaxial strength tests yield Mohr-Coulomb failure 
parameters. 
The test programme for the three soils LAF, LAL and KM was 
devised to establish their creep characteristics at 
-10°C. As a 
preliminary to creep testing, short term strength tests 
establish an upper limit for possible creep stresses and results 
from these tests are analysed in section 5.4. Included in the 
strength test programme on LAF sand is an exploratory study into 
the use of non-destructive testing to identify defective 
specimens and predict frozen soil strengths. The system used 
measures the transmission time of an ultrasonic pulse through 
the specimen, and from the specimen dimensions this can be, 
readily converted to a pulse velocity. A discussion of the non- 
destructive test results is included in section 5.5. 
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The chapter closes with a summary. 
5.2 Strength of frozen soils 
In unfrozen soils, the strength is dependent on cohesion and on 
friction and interlocking between particles. These three 
factors also have an effect on the behaviour of frozen soils but 
bonding of the particles by ice becomes dominant. Bonding is 
complicated by the presence of unfrozen water films around the 
particles, which restrict the number of interparticle contacts, 
and play an important role in the strength of low ice content 
soils. 
The deformation process is dictated by pressure melting of the 
ice under the influence of hydrostatic and deviator stresses. 
Pressure melting develops from stress concentrations on the ice 
between soil particles, and deformation is a result of the flow 
of the water to regions of lower stress where it refreezes. 
The strength attained by a frozen soil is a function of both 
internal and external constraints. Principal amongst these are 
temperature, density, ice content, degree of saturation, 
unfrozen water content, hydrostatic pressure and strain rate. 
5.2.1 Effect of temperature 
The temperature dependence of the strength of frozen soils is 
mainly due to the behaviour of the interparticle ice and the 
relative proportions of ice and unfrozen water. The behaviour 
of various materials over the temperature range 0 to 
-180°C was 
reported by Sayles (1966) and by Wolfe and Thieme (1964). A 
summary plot of their results is reproduced as Fig. 5.1. Over 
this temperature range, a largely non-linear relationship exists 
for unconfined compressive strength. 
Attempts have been made (Alkire and Andersland 1973, Goughnour 
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and Andersland 1968) to explain this temperature dependence 
using the theory of rate processes proposed by Glasstone et al 
(1941). This theory is applicable to processes involving time 
and temperature dependent rearrangement of matter. 
An expression of the form 
t=C Qn exp (-zG/RT) 5.1 
was proposed for frozen soils where AG is the activation energy, 
R the gas constant, T the absolute temperature and a the applied 
stress. Parameswaran (1980) showed that the activation energy, 
tG, in this equation was not constant for Ottawa sand but varied 
with both stress and temperature. 
Equation 5.1 breaks down four ice above 
-10°C when the 
deformation process is governed by grain boundary flow (Glen 
1955). Parameswaran suggests that stress concentrations between 
particles in frozen soils could extend this effect to lower 
temperatures and account for the behaviour of frozen Ottawa sand. 
An alternative relationship, proposed by Tsytovich (1975) and 
supported by Parameswaran, takes the form of a power law 
aaOS 5.2 
where 0 is the temperature below freezing in degrees Celsius and 
the constant s was attributed the value 0.5 by Tsytovich and 
0.44 by Parameswaran. 
5.2.2 Effect of density and ice content 
The failure mechanism in frozen soils is greatly affected by the 
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relative proportions of soil and ice. At high ice content 
levels, the frozen material relies on the cohesive nature of the 
ice for its strength but as the proportion of soil particles 
increases, both friction and dilatancy begin to contribute. 
Dilatancy acts against both the cohesion of the ice matrix and 
the adhesion between sand grains and ice, creating an effect 
analogous to higher effective stresses. The mobilization of 
frictional resistance is a direct result of the increased number 
and greater magnitude of contact stresses between soil 
particles. Goughnour and Andersland (1968) found that a 42% 
volume of Ottawa sand was the minimum needed for the 
contributions of frictional resistance and dilatancy to affect 
the frozen shear strength. , 
For frozen sands and silts, an optimum ice content exists at 
which a maximum peak stress is found. Kaplar (1971) showed this 
to be at an ice: soil volume ratio of 0.58 for Manchester fine 
sand. At this ratio, the best possible combinations of the 
simultaneous effects of ice cohesion, intergranular friction 
and dilatancy occur. 
Alkire and Andersland (1973) show that the initial deformation 
of Ottawa sand samples is dominated by the cohesion of the ice 
maxtrix. Frictional affects only become significant in the 
later stages of the deformation process. This work hardening 
nature of deformation has been observed by Parameswaran and Roy 
(1982). Small changes in the density of specimens has an effect 
on both the initial tangent modulus and the cohesive and 
frictional components of strength, combining to lead to an 
increase of failure strain with lower specimen densities. 
5.2.3 Effect of degree of saturation 
The degree of ice saturation is defined as the ratio of ice 
volume to void volume and it affects the strength of a- frozen 
soil specimen by affecting the cohesion of the ice matrix. A 
reduction in ice saturation is accompanied by a decrease in 
93. 
strength of frozen sand (Alkire and Andersland, 1973). The 
decrease in strength is in proportion to the volume of ice in 
the sand voids. 
Data produced by Alkire (1973) also showed a decrease in Young's 
modulus to accompany a decrease in ice saturation. This 
behaviour supports the observations of Alkire and Andersiand 
(1973) on the predominant influence of the ice matrix on initial 
response to load (section 5.2.2). 
5.2.4 Effect of unfrozen water content 
Unfrozen water is generally bound to soil particles in layers a 
few molecules thick. The quantity of unfrozen water is 
therefore related to the total surface area of soil particles 
within a specimen, and at a given temperature, fine grained 
soils, such as clays, will have higher unfrozen water contents 
than coarser sands and silts. This accounts for many of the 
differences in behaviour of these materials. 
Coarse grained sands generally fail in a brittle manner at low 
strains whilst clay soils, with their higher unfrozen water 
contents, undergo large plastic deformations. Alnouri (1969) 
reports 12% strain at failure in frozen Sault Ste. Marie clay' 
while Ottawa sand will typically fail at close to 2% strain. 
Unlike frozen sands, where the soil particles tend to contribute 
to the strength by adding a frictional component to the cohesion 
of the ice, frozen silts and clays may be weaker than the pure 
ice at temperatures close to 0°C. This is directly attributable 
to the high unfrozen water content in these soils (Tsytovich 
1975). 
5.2.5 Effect of hydrostatic pressure and strain rate 
Hydrostatic pressure on a frozen soil tends to suppress failure 
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mechanisms and this often shows itself in the form of greater 
strains at failure. The failure mechanism becomes more plastic 
and at high confining pressures, dilatancy may be both 
suppressed and reversed due to fracture of sand grains. These 
effects are similar to those of unfrozen soils. 
The effect of a confining pressure on the strength envelope for 
ice saturated soil is related to both the density of the 
specimens and the strain rate applied. At low strain rates, the 
behaviour is analogous to that of unfrozen water-saturated soil 
in a drained test. At high strain rates and as long as the ice 
matrix does not fail, behaviour becomes analogous to that of an 
unfrozen undrained test. 
In frozen sands at low strain rates frictional resistance is 
dominant and the frozen angle of frictional resistance may be 
only a few degrees less than the unfrozen (Sayles 1973, 
Andersland and Alnouri 1970, Neuber and Walters 1970, Alkire and 
Andersland 1973, Chamberlain et al 1972). However, for frozen 
clays, the effects of hydrostatic pressure on strength are 
usually very low due to the presence of unfrozen water and the 
lack of friction and particle interlocking. 
Very high hydrostatic pressure may lead to pressure melting of 
the ice matrix and an increase in unfrozen water content. 
Chamberlain et al (1972) observed this for both sand and silt 
and above a confining pressure of about 34.5 MPa, pressure 
melting contributed to a decrease in frozen strength. 
5.2.6, Summary with reference to a medium sand 
The strength obtained for a particular frozen soil is dependent 
on material, specimen and test conditions. In Table 5.1, the 
strength results obtained for Ottawa sand, a medium sand used in 
the USA, are presented against the conditions adopted by each 
investigator. 
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The table divides into four main sections which detail the 
material properties, the specimen properties, the test 
conditions and the strength parameters obtained. Comparisons of 
work from various research centres becomes difficult when so 
many variables are involved, as the effects generated by 
variations in one property, may be masked by those of another. - 
This highlights the need for the inclusion of reference tests in 
a test programme and the ISGF working group on testing methods` 
for frozen soils (Baker et al 1983) has produced guidelines for 
this purpose. The main points referring to strength of frozen 
soils are as follows: 
1) The soil description should include a grading curve, total 
density, moisture content and Atterberg limits, where 
applicable. 
2) The aspect ratio of test specimens should be 2: 1 or greater. 
3) Uniaxial strength tests at 1% per minute constant strain 
rate should be included. 
4) Tests at temperatures of 
-2°C and -10°C should be included. 
5.3 Strength tests on triassic rocks 
The 'tests on samples of triassic rock formed part of a 
commercial testing schedule to investigate the triaxial strength 
gain on freezing. Each sample was received as a number of AX 
sized specimens (30mm diameter, 60mm high) of variable quality. 
- 
The use of the saturation apparatus described in Chapter 4 was 
limited by susceptibility to slaking to nine (all sandstones) of 
the twenty two samples available. The subsequent development of 
an improved apparatus for saturating and freezing specimens 
under the influence ofa confining pressure, is reported by 
Marchina (1984). 
5.3.1 Saturated rocks 
The results obtained from these tests are affected by the 
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variability of the rock structure within the small specimens. 
Individual test results are included in Appendix B, and in Table 
5.2, mean values of the unconfined compressive strengths for 
both unfrozen and frozen specimens, are presented. 
The strength gain on freezing is largely due to the increase in 
cohesion afforded by the ice matrix. Excluding the result for 
sandstone 107, where sufficient material was available for just 
one test at each temperature, the average strength gain ratio on 
freezing is 2.64. In unfrozen rocks, the water acts as a 
lubricant between the solid grains, but, on freezing to ice, 
becomes a bonding agent. Fig. 5.2 shows both unfrozen and 
frozen triaxial data for three of the sandstone samples with 
sandstones 90 and 118 clearly demonstrating the gain in strength 
to be almost entirely due to increased cohesion. The friction 
angles for these two samples remain almost constant with change 
of temperature. The unfrozen data for sample 105, at a 
confining pressure of 7.3 MPa, is unaccountably low. 
5.3.2 Unsaturated rocks 
The rock samples not included in Table 5.2 were all tested in an 
unsaturated condition as received from the client. Although, the 
individual AX sized specimens were sealed in plastic, the 
moisture contents measured after testing indicated that 
considerable moisture loss had occurred during the coring and 
end preparation procedures. In the extreme case, mudstone 114 
had degrees of saturation estimated to be as low as 3%. 
The effect of increased degree of saturation on unfrozen rocks 
is to decrease the strength, as the lubricating nature of the 
pore water acts against the frictional component. The strength 
, 
'äsymptotically approaches that of the fully saturated condition 
(Fig. 5.3). In the frozen state, the strength of dry rocks may 
be slightly greater than that unfrozen but, after initially 
following the same trend, the strength increases to a maximum in 
the fully saturated condition (Mellor, 1973). The initial 
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decrease is due to the presence of unfrozen bound water 
surrounding the rock grains and acting against the frictional 
strength component. At higher saturations, the ice matrix 
cohesion is dominant. 
For the tests reported here, the range of degrees of saturation 
are too small and the variations in properties of specimens 
within each sample, too great to observe a distinct relationship 
in most cases. Siltstone sample 77 covering the range 69% to 
100% saturated for both unfrozen and frozen specimens, shows 
some support of the theory and is included with the other 
results in Fig. 5.4. 
5.4 Strength tests on frozen soils 
The short term strength testing programme was devised to 
establish the stress limits during the subsequent creep tests. 
Instantaneous loading to failure could not be readily applied 
and an arbitrary constant deformation rate of 1mm/min was used 
as an alternative. The failure of LAL sand was taken as the 
peak stress reached during the test and was well defined. The 
plastic nature of the failure of. frozen LAF and KM required that 
a nominal failure strain limit was imposed as no distinct peak 
was reached. For KM, the limit was set at 20% strain, which is 
accepted practice in unfrozen soil mechanics, but the excessive 
lateral deformation produced at this limit made the Hoek cell 
difficult to use. LAF sand showed similar aehaviour through to 
20% strain and to increase the efficiency of the facility, tests 
were terminated after 15% strain had been reached. A table 
showing the strength test results at 
-10°C for the three soils 
LAF, LAL and KM is presented in Appendix B. 
A triaxial test programme was devised to investigate the soil 
strengths upto 12 MPa. The Kf failure lines at 
-10°C are shown 
in Fig. 5.5 for all three soils. Table 5.3 summarises the 
slopes, a, and intercepts, a, for each line and also lists the 
corresponding Mohr-Coulomb failure parameters 0 and c. At a 
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given confining pressure, the expected deviator stress at 
failure can be calculated from the expressions: 
Daf =2 
(a + a3 Tan a) 
5.3 
(1 
- 
Tan a) 
(c Cos 0+Q, Sin 0) 
or aQf =25.4 (1 
- 
Sin 0) 
Table 5.3 Shear strength parameters of the test materials at 
-10°C and 1mm/min deformation rate 
Material No. of a, a a c '0 
Tests range (MPa) (°) (MPa) (°) 
LAF 14 0-12 1.6 10.0 1.6 10.2 
LAL 26 0-10.3 4.8 20.5 5.2 22.0 
KM 4 0-10 1.3 14.6, 1.4 15.0 
For creep testing, a deviator stress less than that calculated 
by equations 5.3 and 5.4 will generally be applied and this can 
be readily expressed as an applied stress ratio (ASR): 
ASR = Aa/AQf X 100% 5.5 
Because ßof is not an instantaneous failure stress, ASR values 
greater than 100% can be applied in creep tests without inducing 
an immediate collapse. 
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5.5 Discussion 
The shape of the failure envelope resulting from triaxial 
compression tests on frozen soils and rocks can be greatly 
affected by the range of confining pressures applied. The 0 
value obtained for frozen KM clay is fairly high at 15°. 
Previous works have indicated that 0 values of frozen clays are 
effectively zero but the confining pressure range in such 
studies have generally been small (Andersland and Alnouri, 
1970). For example, the 100 psi confining pressure applied by 
Andersland and Alnouri is only one quarter of the unconfined 
compressive strength as compared to the 2.8 ratio in this study. 
Comparisons between the two results should be tentative. 
The results in this study are all expressed in units of total 
stress, as no provision was made for measuring the pressures 
within the pore ice. Drainage from the specimens is possible 
with both the UCS and Hoek cells but the pore-ice pressure is 
still expected to rise during the rapid deformation rate tests. 
The failure envelope for a frozen frictional soil in CSR 
compression, when expressed in terms of total stress, is non- 
linear and can only be quoted for specific ranges of normal 
stress. This is due to the progressively smaller increase in 
deviator stress at failure as the air voids are compressed 
(Andersland and Anderson, 1978). The envelope is normally 
approximated to a straight line for the stated pressure range 
and the amount of smoothing involved in this process for a 
particular soil will be a function of this pressure range. 
The brittle nature of the failure of LAL specimens becomes 
increasingly plastic as the confining pressure increases and 
dilatancy is suppressed. Uniaxial failure typically occurs 
around 4% strain but this increases to around 10% with a3 at 
10,3 MPa. 
For LAF, the effect of the confining pressure at low strains is 
to increase the strength rapidly and this manifests itself as a 
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confining pressure dependent Young's modulus. The repeatability 
of tests was checked by three tests at 3 MPa and six at 6 MPa 
confining pressure. One test at each of these pressures in the 
Hoek cell produced similar results to those in the HPCC cell and 
confirmed that apparatus effects were not influencing the 
results. 
Subsequent tests in the Hoek cell at o= 10 MPa and 12 MPa 
showed a significant increase in strength over those at lower 
pressures. Specimen behaviour is similar to that during the 
consolidation period in a consolidated undrained triaxial test 
on unfrozen soil. This can be explained in terms of the creep 
of the ice matrix during isotropic compression. The confining 
pressure is applied to the specimens well in advance of the 
commencement of the test to allow the cell temperature to reach 
its equilibrium position. During this period, the pore 
pressures are relieved by the gradual creep of the ice matrix 
which allows the effective stresses to increase. The amount of 
creep is determined by the level of the confining pressure and 
results in an increased number of interparticle contacts. The 
frictional component of strength therefore increases with 
confining pressure and this is shown in terms of total stress in 
Fig. 5.6 for LAF sand. A straight line approximation to this 
data is reasonable over the pressure range investigated. The 
similar behaviour of a sandy silt is reported by Lade et al 
(1980) at 
-14°C over the confining pressure range 0 to 6 MPa. 
In an attempt at further investigating the structure of the 
specimens used in strength testing, the ultrasonic pulse 
velocity (UPV) along the major axis was measured, before 
destructive testing. The results are shown in Fig. 5.7 as plots 
of deviator stress vs UPV and dry density vs UPV. No clear 
pattern emerges in either case. This lack of correlation may be 
a function of poor contact between the frozen specimen and the 
ultrasonic pulse transmitter and receiver. The UPV is 
particularly sensitive to air gaps at these interfaces and the 
specimen preparation technique is not currently able to produce 
end faces of sufficient quality for this test. Baker and 
108. 
Kurfurst (1985) report acoustic test results on specimens of 
frozen Ottawa sand which clearly show that the UPV increases 
directly with density. These results were obtained over a 
greater density range (1.55 to 1.78 Mg/m3) than in this study 
(1.50 to 1.55 Mg/m'), and specimen preparation was completed by 
end facing in a lathe. The gradient of the Ottawa sand results 
was 0.5 (Mg/m')/(kms-1) and an extrapolation of this result is 
shown on Fig. 5.7b. Further work on the development of the UPV 
system for frozen soils is needed before non-destructive testing 
of this sort can be used to accurately predict strength 
behaviour. This is beyond the scope of this thesis. 
5.6 Summa 
This chapter has presented a review of the mechanical behaviour 
of frozen soils during short term strength tests. Specific 
reference has been made to their' response to changes in 
temperature, density, ice content, degree of ice saturation, 
unfrozen water content, confining pressure and strain rate. This 
review is based on published literature and is centred around 
tests on Ottawa sand. Table 5.1 is used to summarise the 
effects, and highlights the need for the inclusion of reference 
% tests to allow a comparison of results. 
The results obtained from short term strength tests on the 
materials of Chapter 3 are examined in detail. The rock 
specimens were tested under constant stress rate conditions (1 
MPa/s) to obtain a comparison in strengths of the unfrozen and 
frozen materials. Test temperatures were +20°C and 
-16°C. 
Sandstone specimens were resaturated before testing or freezing 
to compensate for moisture loss since removal from the ground. 
The remaining rocks were susceptible to slaking and consequently 
were tested in an unsaturated condition. The saturated samples 
showed that, on freezing, the gain of strength is almost 
entirely due to the cohesion of the ice. matrix. The angle of 
internal friction remains effectively unchanged. The average 
strength gain ratio on freezing of the sandstones tested in 
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uniaxial compression, was 2.64. 
The unsaturated rocks also showed greater strength when frozen, 
although at low ice contents, this effect is minimal. The 
variation of uniaxial strength with degree of saturation is 
examined over fairly limited ranges of moisture content for each 
sample. As no control of moisture content was effected, the 
findings of this study were limited. 
The three soils LAF, LAL and KM were tested to obtain reference 
strengths for the creep tests to follow. For this purpose, the 
applied stress ratio (ASR) is defined by equation 5.5. 
LAL exhibits a brittle failure at low strain (4%) in uniaxial 
compression, increasing to 10% at 10.3 MPa confining pressure. 
LAF and KM both deform plastically to high strains, and failure 
strains are defined at 15% and 20% respectively. The effects of 
isotropic compression at high confining pressure is observed to 
produce a curved failure envelope for LAF sand, but a straight 
line approximation gives minimal errors for the range covered. 
Non-destructive testing by transmission of ultrasonic pulses 
along the major axis of a frozen specimen has been studied 
briefly. Difficulties arising from the inclusion of air gaps 
between the pulse transmitter, specimen and receiver are 
identified as potentially masking monotonic relationships 
between the ultrasonic pulse velocity (UPV) and specimen density 
and strength. 
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CHAPTER 6
THE CHARACTERISATION OF CREEP 
III- 
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6.1 INTRODUCTION 
Creep is the time dependent plastic deformation of a material 
under a constant load or stress. It has been most extensively 
studied in relation to metals. Creep deformation occurs in 
metals at all temperatures but is generally only significant at 
higher temperatures, well above those normally experienced in 
aeroengines, chemical plants and electricity generating stations. 
The main mechanism involved is the movement of vacancies and 
dislocations through the crystal lattice and grain boundaries 
(Evans and Wilshire, 1985). 
Frozen soils are also affected by creep deformation. Stresses 
between the pore ice and soil particles cause pressure melting of 
the ice. This unfrozen water is then moved to regions of lower 
stress by differences in surface tension (Andersland and 
Anderson, 1978) where it refreezes. The accompanying breakdown 
of the ice and its bonds with the soil particles results in 
plastic deformation of the pore ice and a readjustment in 
particle arrangement. 
The creep process has traditionally been represented by a strain- 
time curve consisting of three distinct phases; primary, 
secondary, and tertiary. Shown in Fig. 6.1, these phases 
correspond to periods of strain deceleration, constant strain 
rate and strain acceleration respectively. Recent 
interpretations have moved away from this concept to classify 
creep in just two stages, the, secondary stage being replaced by a 
momentary minimum strain rate represented by an inflection point 
(m) on the strain-time curve. Engineering failure (as opposed to 
rupture) is defined at the onset of tertiary creep in both 
classifications and is therefore at the inflection point in the 
two stage interpretation. 
This chapter looks at the ways in. which the creep strain curve is 
appropriate to engineering and to artificial ground freezing in 
particular. A review is included of the many attempts made to 
model all or part of the curve for frozen soils and ice. The 
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results from laboratory creep tests, 
in Chapter 3, are then introduced pr 
detailed examination of two of the 
Leading on from this, a new triaxial 
and shown to be consistent with the 
wide range of confining pressures. 
on the materials described 
for to being used for more 
uniaxial creep equations. 
creep equation is proposed 
laboratory results over a 
6.2 Creep in relation to AGF 
Open excavations in frozen ground will be subject to creep 
deformation which may impair the construction of permanent 
linings. It is therefore important that these deformations are 
kept within predefined limits and for this purpose, knowledge of 
the creep strain-time characteristics of the frozen soil, is 
needed. 
Creep deformation is a rate process and as such is best expressed 
in terms of strain rate and time. Some empirical approaches to 
the problem of modelling creep behaviour have directly produced 
strain-time relationships. The alternative is to transform a 
strain rate expression using mathematical integration. For AGF 
deformation analysis (Section 2.5), the acceptability of a 
particular model may depend on the complexity of the resulting 
equation. 
Two demands are made of the creep model. Firstly, it shall 
predict the limit of long term strength of the frozen ground 
water under the imposed loading regime. This enables the time 
(tm) to engineering failure of the material to be defined and 
imposes an absolute upper limit to the period in which the 
excavation is supported solely by the ice wall. The second 
requirement is that good predictions of strain are made during 
the early stages of creep, nominally upto half the time to 
failure. This is the portion of the creep curve which should 
affect a well designed ice wall, making serviceability the 
limiting factor and not engineering failure. 
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6.3 Creep model classification 
The three stage interpretation of the creep process has led to 
three basic types of model being developed. The simplest form 
approximates the process to an instantaneous strain, co, followed 
by a period of constant strain rate, t, such that: 
E= C0 + tt 
A model of this form, known as a Secondary model for 
modelling of the secondary creep period, is described 
(1966). Ladanyi (1972) has shown the usefulness 
equations when dealing with step stress loading and 
conjunction with a stress dependency expression. 
expression (Alkire and Andersland, 1973) shows the 
strain rate to be a function of deviator stress (. Q), 
t=b exp (mAa) 
where b and m are material constants. 
6.1 
is close 
by Hult 
of such 
used in 
One such 
secondary 
6.2 
Secondary creep models overestimate strain in the early stages of 
creep and, as such, do not meet the requirements of AGF 
engineering. Closer predictions of creep strain prior to failure 
can be obtained from Primary creep models which feature a power 
term to simulate strain deceleration. The general form of 
Primary equations is: 
c= f(Q) tc 6.3 
with constant C less than unity. Vyalov (1965) proposed a power 
law function for stress and incorporated another power term to 
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account for the effects of temperature. Vyalov's equation was 
simplified by Klein (1978) to a temperature dependent equation, 
e= AuBtC 6.4 
with the three parameters A, B and C determined empirically. 
Primary creep models can give good predictions of strain upto the 
onset of tertiary creep but, like Secondary models, are not able 
to identify this failure point. In practical terms they are 
useful beyond the inflection point (Fig. 6.2) for providing 
approximate solutions to the strain-time relationship. 
The third type of model attempts to predict deformation behaviour 
throughout the creep process. These Tertiary creep models 
typically include both power and exponential terms for time and 
take the form, 
e= f(a) t' exp(Zt) 6.5 
Y and Z are material constants. Tertiary creep models have been 
proposed by Assur (1980), Fish (1982,1983), Ting (1983) and 
Gardner et al (1984). Assur and Fish used an analytical approach 
to arrive at essentially the same equation, but expressed it in 
different forms. The Fish version is examined in more detail in 
section 6.5. 
Gardner's equation, based on the approach of Assur and Fish, can 
be expressed in the form, 
c cm 
(tG 
exp 
I (c 
-c) (t ,-1 )1- 6.6 
Im 
m 
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tm and em refer to conditions at the inflection point (Fig. 6.1), 
and c is a material parameter, 
a 
c= 
ýýIn 6.7 
£m 
tm is the strain rate at failure. Equation 6.6 provides a 
simpler expression for creep strain than those proposed by Assur 
and Fish and, as such, has advantages in engineering 
applications. The Gardner model could be extended to represent a 
family of creep curves by defining the variation with stress of 
the three main parameters tm, em and c. 
None of the Tertiary creep models mentioned have been observed 
closely to predict creep strain through to rupture, and cannot 
predict the point of rupture itself. However, they can give 
close strain predictions into the tertiary creep zone and are 
able to identify the failure point m. Fig. 6.2 summarises the 
regions of practical validity for all three types of creep model 
and shows both Primary and Tertiary models to be well suited to 
AGF engineering requirements. 
6.4 Experimental results 
Three series of creep tests have been completed to provide the 
experimental data necessary to investigate the applicability of 
the various creep models. The results were obtained using the 
two microcomputer controlled test rigs (Chapter 4) which 
nominally provide constant deviatoric stress. The failure point 
details for each of the test series, corresponding to the three 
materials LAF, LAL and KM (Chapter 3), are listed in Appendix C. 
The variation with applied stress ratio (ASR) of each of the 
failure parameters is shown in Figs. 6.3 through 6.5. A fairly 
high scatter of results highlights the difficulties in 
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12 
establishing unique relationships between parameters, and 
results from the non-uniform distribution of soil grains and ice 
through the test specimens. Failure strain does not appear to be 
constant, as previously claimed by Zhu and Carbee (1983) and 
Gardner (1985) when the creep stress range is increased, as in 
this study. However, no unique variation with stress is 
observable. The effect of stress on the failure strain of frozen 
sands has been studied by Rein and Hathi (1978). They observe a 
decrease in em with stress increase for all three sands tested, 
but this effect is only minor for the coarsest sand. Vyalov 
(1965) provides data on Callovian sandy loam and Bat-baioss clay 
which also shows a dependence on stress. Figs. 6.3 and 6.5 show 
that the time to failure (tm) and failure strain rate (tm) 
decrease and increase respectively with stress level. However, 
the deviation about any best fit line is considerable. 
Fig. 6.6 presents the failure parameters Im and tm in a form 
which suggests that although individual parameters are affected 
by specimen variations, a unique failure criterion may exist. 
The minimum strain rate-time correlation was looked at in detail 
by Ting (1983) and observed to be linear in logarithmic 
co-ordinates for uniaxial tests on soil, ice and frozen soil. 
This relationship was demonstrated to be temperature independent 
in the range 
-0.5°C to -10°C by Zhu and Carbee (1983) testing 
Fairbanks silt. Ting gives further evidence of the correlation 
by referring to high temperature creep of metals (Garofalo 1965). 
Fig. 6.6 shows that this relationship can also be extended into 
the triaxial regime without any significant scatter from a single 
linear relationship. 
Mellor and Cole (1982) suggest that the slope of the Ln(tm) - 
Ln(tm) correlation is 'close to' 
-1 for ice, which implies that 
the failure strain is constant. For the three soils in Fig. 6.6, 
the gradients are all less than 
-1 which is indicative of the 
fact that failure strain is not constant for these materials. 
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6.5 Uniaxial Creep Equations 
6.5.1 Analytical approach 
The strength and deformation characteristics of frozen soils have 
traditionally been determined from constant strain rate (CSR) and 
constant stress (CS) creep tests respectively. Failure is 
defined at the peak stress in CSR tests and the minimum strain 
rate in CS tests, but Fish (1983) recognised the fact that the 
physico-mechanical properties of the material are similar in each 
case. The resulting thermodynamic model of creep is given in 
equation 6.8: 
(EI) 
exp( -E)exp (A)(/` QIJ 
n+m 
6.8 
h RT `K a0 
where C, n. 0, and m. 1 are dimensionless parameters 
independent of temperature. 
a0 = temperature dependent ultimate strength of soil (MPa) 
E= activation energy (KJ/mole) 
K= Boltzmann's constant, 1.38 x 10-21 J/°K 
h= Planck's constant, 6.63 x 10-3" Js 
R= gas constant, 8.31 x 10-' KJ/mole °K 
T= absolute temperature (°K) 
AS change of entropy 
Fish expresses the entropy term as a function of normalised time 
(i) such that, 
DS f(t) =ö (T - Ln T- 1) 6.9 K 
where 6 is a temperature independent dimensionless parameter. 
125. 
At the failure point, i. e. t= tm and T=1, the RHS of equation 
6.9 and, hence, the change of entropy, becomes zero which is the 
thermodynamic failure criterion. 
Fish also defined relationships for the time to failure and 
corresponding minimum strain rate. Time to failure is expressed 
as a function of normalised stress, 
m 
tm 
= 
t0 
( Q 
0 
where to is Frenkel's relaxation time, 
to cm(h) exp (E / KT RT 
and ao the stress giving failure at tm = to 
6.10 
6.1I 
Strain rate at failure, in the general case when 0<ns1, can 
be expressed as: 
m-t 
r 
6.12 
where ,C is a constant and tr the time to rupture of the sample, 
-n 
tr = exp (d) tm (a6.13 
ao 
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In the special case where n=0, Fish arrives at the expression: 
tm 
-t 
m 
6.14 
with Ca constant. This equation gives a slope of 
-1 to the 
Ln(tm) 
- 
Ln(tm) plot and n=0 implies that failure strain is 
constant. 
To obtain an expression for creep strain, equation 6.8 can be 
integrated to, 
e=C cr 
)nýi 
exp (6 f(T)) 6.15 
co 
where 4' is a tabulated integral for 6s1 
=1 
(1 
- 
öT 
+ 
(ST )2 
- 
.... 
] 6.16 
ÄL ltd (1+X) (Z+Ä ) 
and A=1-6 
For frozen soils, Fish suggests that 0<S<1 but does not 
comment on the effect on the predicted creep strain when 6 is 
greater than unity. Fig. 6.7 shows the integration factor i as a 
three dimensional plot of 6 and T. At failure (T = 1), is 
relatively insensitive to 6 below 6=0.5. 
6.5.2 Empirical approach 
Observations made on experimental data by Vyalov et al (1962) led 
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to the development of a primary creep equation, 
1/m 
Qt 6.17 
w (1 + O) 
where 0 is the temperature below 0°C in °C and X, m, w and K are 
creep parameters. Klein (1978) simplified this to the 
temperature dependent expression of equation 6.4, 
e= Ac'tC 6.4 
with parameters A, B and C. 
Differentiation of equation 6.4 leads to a strain rate 
expression, 
t= AaBCtc`1 6.18 
As primary creep equations do not inflect, no expressions are 
available for determining the time to failure or the minimum 
strain rate, 
6.5.3 Determination of parameters 
The Fish equation (6.15) and the Klein equation (6.4) each 
require the determination of three parameters to enable the 
prediction of creep Strain. If creep strain rates are required, 
then a fourth parameter, m, is needed for Fish's equation (6.8). 
Fish equation parameters can be determined from one short term 
(instantaneous) strength test and three constant stress creep 
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tests. The 'instantaneous' test should be conducted at a fast 
loading rate to provide an approximate value for co. The creep 
tests then determined parameters m, n and ö, and also provide 
a value for the activation energy, E. E will be sensitive to the 
value of co and it is unlikely that either of these will be true 
values. 
Combining and rearranging equations 6.8,6.10 and 6.11 gives: 
T Ln (tm 
KT ý-E 
+mT Ln 
C a° 6.19 
hRQ 
which can be used to determine values for E/R and m by plotting 
T Ln(tmKT/h) vs T Ln(a0/Q) using the time to failure, tm, and the 
applied stress, a, from each test. 
Fish determines parameterd as the gradient of the Ln(t/tm) vs 
f(T) graph for individual tests. The integration factor 4' can 
then be calculated from equation 6.16. A combination of 
equations 6.8,6.10,6.11 and 6.15 with T=1 give: 
ým 
" m/tmtm 6.20 
which can be used directly to calculate the integration factor at 
failure. In conjunction with Fig. 6.7, the parameter d may be 
obtained from % and by this method, less information is required 
from the creep test than by the method suggested by Fish. 
As S is constant for all tests at any sub zero temperature, an 
average value is taken. 
A combination of equations 6.12 and 6.13, with the substitution 
C exp (-S), gives: 
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Ln(tmtm) 
= 
Ln(C) +n Ln (a)6.21 
a0 
and the parameters C and n determined from a plot of Ln(tmtm) vs 
Ln(v/ao). Fig. 6.8 shows the relevant plots for determining the 
Fish parameters for LAF sand. The applied stress ratio (ASR) 
was used in place of Q/QO in these plots and also in the 
determination of the parameters for LAL and KM. Results for all 
three materials are shown in Table 6.1. 
For a single constant stress creep test, the Klein equation (6.4) 
can be expressed as: 
C=K tC 6.22 
and strain rate obtained from, 
t= KC tC-1 =eCti6.23 
Traditionally, equation 6.22 has been used to determine parameter 
C by plotting data in co-ordinates of Ln c vs Ln t, 
Lne=LnK+CLnt 6.24 
Both Vyalov, and Klein obtain a series of parallel lines with 
gradient C from this plot. Parameters A and B are subsequently 
found by plotting the intercept Ln K against Ln a, 
Ln K= LnA+B Ln a 6.25 
to obtain a linear relationship. 
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Table 6.1 Creep test parameters for FISH model (equations 
6.8 and 6.15) 
a E m % C n o 
Material (approx) KJ/ 
MPa mole 
LAF 12.9 77.5 8.6 0.74 2.18 0.07 0.15 
LAL 15.4 82.0 2.6 0.81 2.72 0.53 1.1 
KM 4.0 70.9 11.4 0.72 2.07 (0.01)* (-2.3)* 
* Best fit to data yields n value <0 
Table 6.2 Creep test parameters for KLEIN model (equation 6.4) 
Material A B C 
-B -C MPa hrs 
LAF 0.49 3.08 0.43 
LAL 0.44 0.79 0.36 
KM 1.37 1.78 0.47 
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Less information is required from each creep test if C is 
calculated from equation 6.23 and K from equation 6.22, at any 
time during the test. An average value of C is assumed, to 
account for variations between tests. Fig. 6.9 shows the Ln K- 
Ln a plot for LAF, and the three parameters A, B and C 
determined for each material are listed in Table 6.2. 
6.5.4 Comments on uniaxial creep models 
Both the Fish and Klein models make assumptions about the 
acceptable values for the various creep parameters, based either 
on theory or on observation. Experimental results obtained in 
this study question the validity of these assumptions. 
Fish suggests that his parameter d is a material constant, 
independent of both stress and temperature, but values of 6 
obtained from individual creep tests on LAF sand, all at 
-10°C, 
show a strong dependence on the applied stress (Table 6.3, Fig. 
6.10). Choosing a mean value ford will lead to a significant 
disparity between experimental and predicted strains in the early 
stages of creep. 
A similar problem is found with Klein parameter C. Table 6.3 
also lists the C values calculated for uniaxial LAF tests and 
once more a clear variation with stress is apparent. Thus, it 
would appear that the assumption by both Vyalov and Klein, that 
C is a material constant independent of stress, is an 
overgeneralization and not applicable to the three series of 
tests reported here. 
6.6 Triaxial creep model 
The parameter C, calculated from equation 6.23, has been seen to 
vary with applied stress and, hence, ASR. For LAF this is shown 
in Fig. 6.11a, which includes both uniaxial and triaxial test 
data. The confining pressure range covered is 0 to 6 MPa. A 
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Table 6.3 Calculated creep parameters for individual LAF tests 
FISH KLEIN 
Test ASR 
No. 
6 lpm c K 
S30 110 0.60 1.65 0.60 40.8 
S31 77 0.68 1.90 0.53 13.4 
S32 95 0.63 1.74 0.58 33.1 
S43 82 0.58 1.61 0.62 66.6 
S66 62 0.81 2.66 0.38 6.6 
S67 62 0.82 2.77 0.36 7.8 
S68 49 0.81 2.69 0.37 3.8 
S69 62 0.81 2.66 0.38 7.1 
S70 49 0.87 3.71 0.27 3.8 
S73 67 0.77 2.35 0.43 8.8 
Mean 0.74 0.43 
Table 6.4 Parameters for modelling triaxial creep behaviour 
using equation 6.27 
Material A B N H 
-B -C 
MPa hrs 
LAF 0.75 2.56 0.015 0.80 
LAL 0.54 0.60 0.042 0.62 
KM 0.06 5.60 0.019 0.82 
*C= N(ASR)H 
. 
'. units of A vary with ASR 
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relationship of the form, 
C=N (ASR)H 6.26 
where N and H are temperature dependent constants, can be fitted 
to this data. Equation 6.26 is seen to be independent of 
confining pressure over the range tested. 
This leads to the development of a new triaxial creep equation, 
A (&Q)B tN(ASR )H 6.27 
based on the uniaxial models of Vyalov and Klein. Fig. 6.11b 
shows how substitution of the deviator stress, Da, for the 
uniaxial stress, o, reduces equation 6.25 to a unique triaxial 
relationship. Parameters A and B, in equation 6.27, are 
nominally the same as those in equation 6.4. Creep test data 
for the confining pressure range 0 to 1 MPa is presented in 
Figs. 6.12 and 6.13 for LAL sand and KM clay respectively, and 
the parameters obtained from these plots are collected into 
Table 6.4. 
By incorporating the 
-effects of confining pressure into the 
dimensionless stress ratio (ASR), equation 6.27 becomes valid 
under both uniaxial and triaxial stress conditions. This is an 
important advance on the triaxial equation proposed by Diekmann 
and Jessberger (1982), 
eam (Aa)P a3n is 6.28 
which reduces to c=0 under uniaxial conditions. 
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Equations 6.27 and 6.28 are empirically based primary creep 
equations capable of predicting creep upto the failure point. An 
empirical approach by Orth and Meissner (1982) produced another 
triaxial model which took account of heat and water flow rates 
through the soil. The resulting tertiary creep model involves a 
complex series of equations to evaluate parameters and requires 
data input on material properties such as void ratio, 
permeability, thermal conductivity and volumetric heat capacity. 
The new creep equation (6.27) requires just four laboratory 
tests to determine all the parameters, as both equations 6.25 
and 6.26 are independent of confining pressure. A plot of Ln(K) 
vs Ln(Aa) will yield parameters A and B and a plot of Ln(C) vs 
Ln (ASR) yields N and H. A uniaxial constant strain rate test 
can provide the normalising stress to define three ASR values 
for subsequent uniaxial creep tests. Thus, although equation 
. 
6.27 predicts triaxial creep strain, the parameters may be 
defined by uniaxial tests in the laboratory. 
6.7 Analysis of models 
To investigate the quality of fit of the individual models, 
normalised strain-time curves can be used. The axes in these 
plots are normalised with respect to the strain and time at the 
failure point m, so that experimental data will pass through the 
point (1,1). The creep equations 6.15,6.4 and 6.27 are also 
normalised with respect to the experimental failure conditions 
to show deviations from the actual results for the duration of 
the test. 
Examples of normalised plots for LAF creep tests are shown in 
Figs. 6.14 to 6.17. The lower diagram in these figures shows the 
quality of fit of each equation by plotting the ratio calculated 
strain: measured strain against normalised time. 
From the uniaxial creep tests shown in Figs. 6.14 and 6.15, it is 
clear that no single creep equation consistently provides the 
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best model of the creep process. This is as much due to the 
variability of the soil structure as to the approximations made 
in determining the equation parameters. The errors in the models 
are generally generated in the early stages of creep when the 
strain rate is high and this is reflected by the calculated: 
measured strain ratio staying approximately constant beyond t/tm 
= 0.3. 
Figs. 6.16 and 6.17 show triaxial 
confining pressure. Equation 6.27 
to a fairly constant error after an 
of fit of the triaxial creep equati 
(S78) and o=6 MPa (S64) is seen 
of normalised time plotted. 
creep tests at 3 and 6 MPa 
is once again seen to settle 
early deviation. The quality 
on to test data at c, =3 MPa 
to be excellent in the range 
6.8 Sumnar 
The classical three stage interpretation of the creep strain vs 
time curve has been superseded by a two-stage interpretation. 
The inflection point between the two stages marks the onset of 
strain acceleration and is, thus, the failure point for 
engineering design. In engineering applications, serviceability 
is the limiting factor in design and the primary creep stage is 
the main consideration. 
Equations to model the creep process can be divided into three 
categories: Secondary, the simplest form which approximates creep 
to an instantaneous strain followed by a period of constant 
strain rate; Primary, which allows strain to build up at a 
decreasing rate, and Tertiary, which includes both strain 
acceleration and deceleration to approximate the whole process. 
Only Primary and Tertiary models are able to map onto creep data 
in the primary creep stage. 
Creep data from both uniaxial and triaxial tests on three- 
materials (LAF and LAL sands, KM clay) is presented in the form 
of the inflection point details tm, em and tm. Taken 
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individually, these parameters show a high degree of scatter 
when plotted against the applied stress ratio (ASR) but distinct 
relationships are shown in Fig. 6.6,, Ln(tm) vs Ln(tm), and Figs. 
6.11a, 6.12a and 6.13a, Ln(tmtm/em) vs Ln(ASR), where the 
inflection point details are combined. Ln(tm) vs Ln(tm) plots, 
previously shown to be linear and independent of temperature, 
are now shown to be independent of confining pressure. 
Uniaxial creep equations devised by Fish (1983) and Klein (1978) 
have been examined and the required parameters have been 
determined from the LAF creep test data. Methods other than 
those proposed by the original authors have been devised to 
determine the necessary parameters. The new methods reduce the 
amount of experimental data needed. The Fish parameter 6 and 
Klein parameter C are seen to be stress dependent and not 
constant, as suggested by the authors. 
Based on the uniaxial Klein equation and observations of the 
variation of C with ASR, a new triaxial creep equation is 
proposed which is valid for both uniaxial and triaxial test 
conditions, 
E_A ýAa)B tN(ASR)H 6.27 
The parameters A and B are nominally the same as for the Klein 
equation and, as such, it is possible to determine them from 
uniaxial tests alone. Least squares fits through the uniaxial 
data (Fig. 6.9) and combined uniaxial/triaxial data (Fig. 6.11b) 
yield different values for A and B with LAF sand, but the net 
effect is negligible over the deviator stress range covered. 
Equation 6.27 has been shown to be valid upto confining pressures 
of 6 MPa. 
All three creep equations give adequate predictions of strain 
under uniaxial conditions but none of them is consistently 
superior. The physical structure of the specimens has a 
considerable effect on the mechanical properties and may be the 
main contributor to this erratic behaviour. 
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CHAPTER 7
IMPLICATIONS OF FINDINGS 
I q$ 
149. 
7.1 INTRODUCTION 
The work presented in this thesis has covered the equipment 
available for testing frozen soils in the laboratory, and the 
results obtained from a range of materials subjected to two types 
of loading. In this chapter, the implications of these results 
and the subsequent methods of analysis will be examined. 
The triaxial creep equation developed in Chapter 6 is well suited 
to engineering applications where pre-failure conditions are to 
be modelled. The parameters for this equation were shown to be 
obtainable from a limited number of short and long term strength 
tests in the laboratory. Having been developed from the uniaxial 
creep equation of Klein, the parameters A and B are theoretically 
the same as when calculated from uniaxial data only. The results 
quoted do, however, vary considerably and in this chapter the 
effect this may have on the ability of the equation to model 
creep strain is investigated. 
A further set of values of the four parameters A, B,, N and H are 
presented in section 7.2. These parameters are determined at an 
earlier stage of the creep process (pre-failure) to demonstrate 
the flexibility available in this model. This approach enables 
laboratory tests to be terminated before failure is reached, 
which in turn, extends the applicability of test equipment to a 
greater range of materials. It also allows tests at high 
confining pressures, typically associated with high strains at 
failure, to be included in the analysis. 
The 'chapter goes on to show how the new triaxial equation may 
affect design by considering a simplified analysis of a shaft 
sunk through frozen ground. In section 7.4. the results are 
compared with those obtained with the uniaxial Klein equation 
when applied across the same ice wall. The lower strains 
predicted by the new equation are attributable to the way the 
applied stress ratio (ASR) is able to accommodate changes- in 
strength with confining pressure and temperature. 
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7.2 Advantages of empirical creep equations 
The classic shape of a uniaxial creep curve (Fig. 6.1) has 
allowed an analytical approach to modelling based on the stress 
dependence of the failure point, m. Under triaxial stress 
conditions, the mode of failure becomes more plastic, leading to 
an extended period of primary creep before failure. 
In a triaxial cell, the applied stress is kept constant during a 
creep test by assuming the soil deforms as a right cylinder of 
constant volume. At high strains this is not the case for most 
frozen soils and a meaningful failure point may not be reached 
under high confining pressures. 
The empirical triaxial equation (6.27), introduced in the 
previous chapter, does not rely on the laboratory tests reaching 
an inflection point on the strain-time curve in order that its 
parameters be determined. In Figs. 6.11 and 6.13, the parameters 
C and K were obtained at the failure point of each of 18 tests on 
LAF sand. A further eight tests were excluded as no definite 
failure was observed. These eight tests included two at a, = 
10.2 MPa and one at aR 11.2 MPa. Equation 6,27 models the 
creep deformation through the primary stage and into what is 
effectively a period of near constant strain rate at high 
confining pressures. For a perfect correlation with the test 
data, the parameters C , and K will be constant at all points along 
the curve and may be calculated from any set of t, e and t data. 
As correlation is not perfect, some standardisation is needed, 
such as the failure point on each curve. A useful alternative is 
the transition point between primary and secondary creep 
(subscript ps), 
Cps = tP tPS/BPS 7.1 
-C 7.2 Kps 
= ePS tps 
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Parameters Kps and Cps obtained from each test are plotted on 
logarithmic scales against Ln(Aa) and Ln(ASR) in Fig. 7.1. The 
four parameters A, B, N and H obtained from the slopes and 
intercepts of straight lines through this data, are collected 
into Table 7.1. 
Table 7.1 Parameters for equation 6.27 obtained from primary- 
secondary transition point data 
Eqn 6.27 Parameters 
Material A B N H 
LAF 1.65 1.94 0.0033 1.06 
In Figs. 7.1a and 7.1b, four tests have been distinguished by 
arrows. The values of K and C plotted for these tests were 
calculated from the conditions prevailing at the end of the test. 
These tests had not entered the apparent secondary creep period 
and the data plotted is not truely consistent with the primary- 
secondary transition point. Two other specimens appeared much 
weaker (S43) and stronger (S19) than the rest. Full details of 
the time, strain and strain rate data used in this analysis 
appear in Appendix B. 
7.3 Sensitivity analysis for triaxial creep model 
During the analysis of the creep behaviour of LAF sand, three 
tables have been presented which include values of the parameters 
A and B for use in both equations 6.4 and 6.27. Table 6,2 is 
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based on uniaxial 
is given a constan 
triaxial data at 
transition point 
parameters N and H 
results. 
data and includes parameter C (eqn 6.4) which 
t mean value. Tables 6.4 and 7.1 are based on 
the inflection point and primary-secondary 
respectively. The latter two tables include 
for equation 6.27. Table 7.2 summarises these 
Table 7.2 Summary of creep equation parameters determined for 
LAF sand 
Parameters 
Original Method of No. of 
Table No. Evaluation* Tests A BCN H 
6.2 Uniaxial(m) 10 0.49 3.08 0.43 
- - 
6.4 Triaxial(m) 18 0.75 2.56 
- 
0.015 0.80 
7.1 Triaxial(ps) 26 1.65 1.94 
- 
0.0033 1.06 
Mean Values 0.85+ 2.53 0.43 0.007+ 0.93 
* (m) = at inflection point, (ps) = at end of primary 
+ Based on mean values of Ln(A) and Ln(N) 
Each method of analysis has produced a different value for each 
parameter. To investigate the effect this has on strains 
calculated by equation 6.27, the following sensitivity analysis 
is based on an imaginary soil (soil X) with properties similar 
to those of LAF sand. The creep behaviour of soil X can be 
exactly modelled by equation 6.27 with parameters having the 
values shown in Table 7.3. 
Fig. 7.2 shows a creep test-at Aa -2 MPa (ASR = 50%) in both 
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'ýýýý 
strain vs time and Norm strain vs Norm time plots. Failure 
occurs at tm =8 hrs and equation 6.27 is shown to map perfectly 
onto the data upto this point. Strain at failure is 16%. 
The effects on the calculated strain of varying each parameter 
in turn are shown in Fig. 7.3. The abscissa of each plot is the 
variable parameter normalised with respect to the true values 
listed above. The ordinate (c NO is the calculated strain 
normalised with respect to the true strain at the same 
normalised time, tN. Figs. 7.3a and 7.3b show single 
relationships for all values of tN, while Figs. 7.3c and 7.3d 
show that the errors incurred by incorrect values of N and H, 
accumulate with time. 
Errors 'in the determination of parameters will commonly result 
from experimental errors during testing and from variability 
amongst specimens. The scatter of results when plotted on Ln(K) 
vs Ln(Ac) and Ln(C) vs Ln(ASR) axes may lead to the incorrect 
choice of straight line fits. The error produced is likely to 
be of a pivotal nature (Fig. 7.4) which pairs high values of A 
or N with low values of B or H. The nett effect of errors of 
this nature is significantly smaller than single errors in any 
one parameter. Deviations from the true value of strain are of 
opposite sign and result in a certain amount of cancellation of 
errors. 
In Fig. 7.5, the pivotal errors shown in Fig. 7.4 are converted 
to strain by equation 6.27 and superimposed on the plots of eNt 
vs Norm A (for all tN values) and eNt vs Norm N (for tN = 1). 
Induced errors are seen to be minimal. Comparing Figs. 7.5a and 
7.5b also shows that errors in determining A and B have a far 
greater affect on strain than do similar errors in N and H. 
This may be accounted for by reference to the ranges of Aa and 
ASR marked on Fig. 7.4. The pivotal errors on each plot are of 
the same angular magnitude but the error in Ln(K) at 2 MPa is 
seen to be significantly greater than that in Ln(C) at ASR = 50%. 
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7.4 Creep analysis of a frozen shaft 
The triaxial creep equation (6.27) may be incorporated into a 
simplified ice wall analysis for comparison with the uniaxial 
creep equation (6.4) due to Klein. The analysis is based on the 
excavation of a shallow shaft through soil X, the relevant 
properties of which are listed in Table 7.3 along with the 
physical dimensions of the shaft. 
Table 7.3 Physical and mechanical properties of soil x with 
relevant details for the analysis of a shallow shaft 
Material Properties Construction Details 
Soil X Shaft Depth H= 20m 
Unit Weight y= 20 kN/m2 Inner Radius a= 5m 
Shear Angle 
-0 = 12° Outer Radius b=8.5m 
Freeze Circle 
Cohesion c= 1.5 MPa Radius 7m 
Creep Parameter A= 1 
8= 25 C, 
N= 0.01 
H= 1 
C= 0.43 
The ground pressure Po is KoyH which at this depth has a value of 
0.4 MPa if K0 is assumed equal to one. The pressure (q) on the 
outside of the ice wall after excavation will probably be at a 
level below Po and will be assumed to be 0.35 MPa in this 
analysis. 
The radial stress, ar, and tangential stress, a., at any radius 
k 
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within the ice wall may be calculated on the basis of the 
instantaneous elastic response of a thick walled hollow cylinder 
to external loading, 
Qr = qb2 (1 - a2/r2)/(b2 - a2) 7.3 
op = qb2 (1 + a2/r2)/(b2 - a2) 7.4 
The radial stress corresponds to the minor principal stress and 
the tangential stress the major. The deviator stress follows 
from as 
- 
ar. 
The variation of temperature through an ice wall was shown in 
Fig. 2.6. The strength of frozen ground is known to be 
temperature dependent (Fig. 5.1) and in section 5.3, it was shown 
that this can be accounted for by changes in the cohesive 
strength contributed by the ice matrix. Assuming the behaviour 
of soil X to be similar to the sand shown in Fig. 5.1, over the 
temperature range 0 to 
-25°C, the cohesion, c, may be expressed 
as: 
c= 0.5-0.10 7.5 
where 0 is the temperature in degrees celsius and c is in MPa. 
The failure strength as a function of temperature and confining 
pressure (i. e. position within the ice wall) follows from: 
of =2 (c Cos 0+ a3 Sin 0)/(I - Sin 0) 7.6 
Deviator stress and of can be combined to determine ASR values at 
each point in the ice wall. Equation 6.27 then calculates the 
creep strain due to the imposed loading at any time, t, after 
excavation. 
161. 
Table 7.4 shows the 
temperature obtained for 
calculated at t=1,11 
imposed stresses remain 
The strain at t= 1000 
included for comparison. 
values of stress, strength, ASR and 
the present example. Strains have been 
), 100 and 1000 hrs, assuming that the 
constant throughout these time periods. 
hrs, as calculated by equation 6.4, is 
The assumption of constant stress with no relaxation accompanying 
creep deformation is a worst possible loading case. The 
variations of strain with radial position through the ice wall 
are shown in Fig. 7.6. By taking account of the confining 
pressure effect (C = N(ASR)H) equation 6.27 shows the strain to 
be considerably lower, away from the excavation wall, than was 
previously assumed (equation 6.4). The strain after 1000 hrs is 
only ; 1% at a radius of 
6.25m from the centre line of the shaft. 
Beyond this point, the ground is effectively stable. 
The stress relaxation characteristics of frozen soils have not 
been studied here but would significantly reduce the magnitude of 
the calculated strains at the excavation wall. To' demonstrate 
this, a second analysis has been followed through with the inner 
radius of the shaft decreasing in response to the calculated 
circumferential strain. The effect of decreasing radius a is to 
decrease the size of the stresses calculated by equations 7.3 and 
7.4, thus approximating the stress relaxation process. In Fig. 
7.7, the strain vs time relationship at the excavation boundary 
is plotted for both analyses. The slower rate of increase of 
strain under stress relaxation conditions is apparent. 
For the full analysis of the strain generated in an ice wall, 
these approaches are over-simplistic. They do, however, serve to 
demonstrate the effects of confining pressure and stress 
relaxation on strain calculated by equations 6.4 and 6.27. A 
fuller solution may be obtained through a finite element analysis 
which is able to take into account the, continuity of the 
structure. 
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7.5 Sumnar 
Creep equations, which have evolved from analytical approaches 
to modelling, commonly refer to the conditions at failure when 
calculating strain and strain rate. It may also be necessary to 
take laboratory creep tests beyond the failure point to enable 
the equation parameters to be evaluated. Empirical equations 
which model primary creep, do not require this. This is an 
advantage when the material exhibits large strains to failure, an 
effect which is exaggerated at higher pressures. 
The parameters for the new triaxial equation (6.27) may be 
evaluated from time, strain and strain rate sets at any point 
upto failure. In section 7.2, the apparent transition point 
between primary and secondary creep is used and the 
relationships between C and ASR, and between K and Aa are 
consistent with previous results. 
The parameters A and B have been evaluated for LAF sand at the 
inflection point, from uniaxial and combined uniaxial/triaxial 
test data, and from the primary/secondary transition point using 
the uniaxial/triaxial 
a 
results. The latter two analyses also 
yield values of N and H. The results from each analysis have 
yielded different values. The effect this has on strain 
predictions has been investigated by considering an imaginary 
soil with properties similar to LAF but with a perfect 
correlation between test data and equation 6.27. In section 7.3, 
the sensitivity of equation 6.27 to variations in each parameter 
is demonstrated. Translational errors such as these are shown to 
give large errors in strain predictions. The most likely errors 
are considered to be pivotal and to result from the incorrect 
choice of a straight line through data with a limited amount of 
scatter. The pivotal error pairs high values of A or N with low 
values of B and H (and vice versa). The resulting errors in 
strain are seen to be minimal. 
The effect that equation 6.27 may have on the design of an ice 
wall is demonstrated in section 7.4. This simple analysis, which 
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is based on the initial stress levels expected within a hollow 
elastic cylinder, show that the creep strain is likely to be 
negligible beyond the middle of the ice wall. This is a function 
of the confining pressure and the increase in soil strength, the 
latter being a function of the soil temperature which is lowest 
near the freeze tubes. Equation 6.27 is easily able to account 
for these variations through the ASR term. 
I 
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CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
IA 
169. 
8.1 CONCLUSIONS 
This thesis has been concerned with the development of 
laboratory resources for investigating the deformation behaviour 
of frozen soils and rocks and the way in which this behaviour 
can be characterised for the purposes of AGF design. The main 
conclusions reached are as follows: 
1. Three soils and a selection of triassic rocks have been 
described and tested. The soils were LAF, a fine silty sand 
from the Lenton Abbey formation of the lower mottled 
sandstone; LAL, a uniform rounded sand from Loch Aline in 
Scotland, and Keuper Marl (KM), a clay which overlies LAF in 
the Nottinghamshire region. 
2. A' computer controlled refrigerated triaxial cell has been 
developed and used for strength and creep testing of 
saturated sand and clay. Tests at -10°C have been completed 
in the confining pressure range 0- 11.2 MPa. 
3. A simple uniaxial apparatus and a standard Hoek cell have 
been modified to operate at sub-zero temperatures. These 
cells are suitable for short term strength tests and enable 
the computer controlled apparatus to be reserved for more 
complex tests. Short term strength tests at a constant 
deformation rate of 1mm/min have established failure 
deviator stresses for LAF, LAL and KM using these apparatus. 
The confining pressure range covered was 0- 12 MPa. 
4. Small soil specimens do not consistently fail in the same 
manner during creep tests. LAF sand specimens have shown 
evidence of shear planes, barrelling and double barrelling 
at failure but the mode of failure appears to be unrelated 
to the applied stress. Larger specimens may be less 
susceptible to these effects but specimen size must be 
compatible with the practical aspects of recovery of 
material from the field. 
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5. The scatter of results obtained from the non-destructive test 
programme were such that no correlation was observed between 
ultrasonic pulse velocity and LAF specimen density or 
strength. Better results may lead from improved end 
preparation methods. 
6. An engineering model for creep of frozen soils should 
require a minimum of experimental work to determine the 
equation parameters. Servicability rather than failure of 
the ice wall is the limitation in design. Therefore, for 
engineering purposes a creep model need only predict 
prefailure strains. 
7. The traditional creep curve consists of three stages where 
strain rate decreases, maintains a constant minimum and then 
accelerates to rupture. These stages are termed primary, 
secondary and tertiary creep.. A more recent interpretation 
has the secondary creep period replaced by a momentary 
minimum strain rate which appears as an inflection point on 
the strain-time curve. The inflection point is recognised 
as the point of material failure. The two stage 
(primary-tertiary) creep concept allows for an analytical 
approach to modelling which adheres to physical principles. 
8. The analytical approach of Fish to uniaxial creep modelling 
can be expressed in the form of equation 6.15: 
n 
e=Gº tr exp (6 f(tr)) 6.15 
ao 
which is difficult to use for an engineering model. The 
results obtained with 
-LAF sand do not fit the model as 
parameter ö, which Fish finds to be a constant, varies 
linearly with the applied uniaxial stress. 
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9. The empirical approach of Klein to uniaxial creep can be 
expressed in the form of equation 6.4: 
e= AQBtC 6.4 
which can model strains in the primary creep region but does 
not uniquely define the failure point. Beyond the failure 
point, equation 6.4 will underestimate strain but errors may 
be minimal until strain acceleration is well established. 
The results obtained with LAF sand data do not fit the model 
as parameter C, which Klein finds to be a constant, varies 
with the applied uniaxial stress. 
10. The new computer controlled triaxial cell allowed LAF sand 
creep test data to be obtained over a wide range of 
confining pressures. The deviator stress applied during 
each creep test can be expressed as an applied stress ratio 
(ASR) based on the short term strength at the same confining 
pressure: 
ASR = AQ/&Qf x 100% 5,5 
ddf was measured at a deformation rate of 1mm/min in this 
study. For LAF sand and KM clay, where no peak stress was 
reached in short term strength tests, Aaf was taken at 15% 
and 20% strain respectively. 
11. Parameter C in the Klein equation can be calculated from the 
failure point conditions (denoted by subscript m): 
Cm = 
mtm'Cm 
172. 
Plotting C against ASR for each test gives a confining 
pressure independent relationship: 
Cm 
=N (ASR)H 
where N and H are dimensionless parameters. 
12, An empirical triaxial creep equation, based on the uniaxial 
equation of Klein, is proposed: 
A (Qa)BtN(ASR)H 6.27 
The effect of confining pressure is absorbed by the ASR 
term. Equation 6.27 has been shown to model creep 
deformation of all three test materials. 
13. For engineering purposes the new creep equation improves on 
that of Diekmann and Jessberger (equation 6.28) which 
requires a separate expression for the unconfined condition. 
Both equations 6.27 and 6.28 are developed from the 
-uniaxial 
model of Klein. Equation 6.27 is also easier to use than the 
triaxial model of Orth and Meissner (1982) which requires 
considerably more data input and consequently involves a 
greater amount of laboratory testing. 
14. Parameters A, B, N and H may be defined by a minimum of one 
short term strength, test and three long term creep tests, all 
at the same- confining pressure. Parameters A and B are 
defined in the same manner as for the uniaxial Klein 
equation. A strength envelope is needed when using equation 
6.27 and this increases the number of short term strength 
tests required to three. 
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15. Application of a confining pressure-tends to suppress creep 
deformation and practical interpretation of the- strain-time 
relationship has primary creep being followed by an extended 
period of secondary creep. Inflection point details are not 
then available and this affects the determination of 
parameters for the creep model (equation 6.27). The value 
of C, and hence N and H, can be defined at another earlier 
point on the creep curve such as the transition between 
primary and secondary creep (denoted by subscript ps): 
Cps =BPS tpS/EPS 
cps varies with ASR in ,a similar manner to CmP LAF sand 
results over, the confining pressure range 0- 11.2 MPa, 
confirm this relationship. 
8,2 Suggestions for further work 
The facility for strength and creep testing of frozen soils has 
been extended to cover a wide range of confining pressures and 
is now able to provide data for the modelling of frozen ground 
behaviour. Further work on the development of equipment can be 
kept to a minimum and the emphasis moved to the methods used for 
analysis. The following items of further work are suggested: 
1. The new. triaxial creep., equation (6.27) should be 
incorporated into the method of analysis of frozen soil 
structures. By taking account of the suppresion of creep 
deformation by the influence of a confining pressure, it can 
be expected that ice wall thickness calculations will 
decrease. This emphasizes the potentially conservative 
nature of current ice wall design procedures which rely on 
uniaxial creep equations. 
2. To support further analysis work there is an urgent need for 
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the monitoring of ground conditions during construction in 
frozen ground. Field measurements have provided information 
on the temperature profile through the soil, and similar 
information on stress levels is now needed to justify some 
of the assumptions made in the design procedure. An 
investigation of this sort would necessarily involve a 
considerable investment in both time and money. 
3. To support the objectives of 1) and 2) above, it may be 
necessary to develop new control software for the triaxial 
test apparatus which will enable different stress paths to 
be applied to the frozen soils. Stress relaxation tests are 
appropriate for materials undergoing creep deformation and 
the relaxation characteristics may need to be considered 
during modelling of an excavation. Consideration should 
also be given to the development of multistage creep test 
techniques,. as it is often necessary to maximise the 
information gained from field samples. 
4. To further establish the new triaxial apparatus, it should 
be used to investigate triaxial creep properties over a 
wider range of materials, material properties And test 
conditions (e. g. temperature). This will also extend the 
current data base on frozen soil creep behaviour. Future 
research programmes should include reference tests in 
agreement with the recently published guidelines of the ISGF 
working group. The development of a non- destructive 
testing technique, to run in parallel with these 
experiments, should also lead to an optimisation of 
information gained from the resources available. 
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APPENDIX A 
COMPUTER CONTROL PROGRAMME FOR CREEP 
11' 
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APPENDIX B 
STRENGTH TEST RESULTS 
11% 
199. 
f C! ,.. 1 
Table 61 Strength test results for rock specimens at +20°C 
and 
-16°C 
ýQ MPa 
Sample Rock a, Od wS 
No. Type r 
Mgm 3%% MPa +20°C 
-16°C 
77 Si 2.31 7.5 100 0 18.2 
2.31 7.3 100 0 47.5 
2.31 5.1 69 0 37.1 
2.35 5.3 79 0 34.2 
2.34 4.9 71 0 47.4 
2.38 4.3 69 0 21.5 
2.35 4.9 73 0 28.8 
2.35 5.0 75 0 41.9 
78 Mu/Si 2.36 4.0 63 0 29.6 
2.19 9.5 99 0 34.7 
2.38 3.2 54 0 57.1 
2.36 4.6 73 6.3 72.4 
2.39 3.2 56 6.3 93.7 
79 Mu/Si 2.40 6.5- 100 0 14.7 
2.37 7.9 100 0 3.4 
2.41 2.8 41 0 43.9 
2.35 4.5 58 0 22.9 
2.26 7.4 78 0 13.8 
2.38 3.0 41 0 22.3 
2.40 2.8 40 6.8 45.2 
2.44 1.6 26 6.8 83.7 
2.41 2.2 32 6.8 55.9 
2.32 4.9 58 6.8 45.3 
2.36 2.6 34 6.8 33.8 
82 Sa 2.34 6.1 100 0 9.3 
2.28 9.3 100 0 23.9 
2.30 6.2 100 0 24.8 
2.35 5.0 100 0 26.6 
2.36 4.6 100 0 35.5 
2.37 4.3 100 0 32.6 
2.38 4.2 100 0 15.8 
2.37 4.2 100 0 32.1 
83 Sa 2.24 7.5 100 0 15.4 
2.26 8.0 100 0 16.8 
2.23 7.5 100 0 34.5 
2.24 6.7 100 0 25.3 
Table Bi 
..... 
cont 
200. 
) 
Aa MPa 
Sample Rock P w S a, 
No. Type d r 
Mgm-3 Z MPa +20°C 
-16°C 
83 2.31 4.6 100 0 43.0 
2.22 6.8 100 0 35.4 
2.29 6.6 100 0 18.4 
2.26 6.6 100 0 35.4 
85 Sa/Si 2.45 6.1 100 0 3.0 
2.34 7.7 100 0 4.6 
2.41 3.5 53 0 26.7 
2.46 3.2 55 0 19.9 
2.37 4.2 57 0 31.4 
2.50 2.7 52 0 10.5 
2.51 2.9 58 0 30.7 
88 Sa 2.39 6.6 100 0 4.0 
2.36 7.3 100 0 3.4 
2.41 4.1 65 0 24.3 
2.39 4.2 64 0 16.0 
2.40 3.5 54 0 37.3 
2.43 3.1 53 0 33.1 
90 Sa 2.27 7.0 100 0 12.7 
2.26 6.7 100 0 15.8 
2.22 7.2 100 0 12.6 
2.27 6.0 100 0 36.7 
2.33 6.1 100 0 40.5 
2.29 7.2 100 0 31.8 
2.35 4.6 83 6.8 51.3 
2.27 5.7 81 6.8 58.4 
2.31 3.9 62 6.8 54.6 
2.29 3.6 54 6.8 69.1 
96 Si 2.35 4.9 72 0 19.5 
2.35 5.4 79 0 16.0 
2.36 5.0 75 0 35.5 
2.35 5.2 76 0 27.2 
2.36 5.3 79 0 39.1 
2.35 5.2 76 0 36.8 
2.36 4.2 63 0 29.7 
2.36 5.4 81 0 33.8 
98 Sa 2.45 1.7 59 0 28.5 
2.33 6.8 100 0 21.4 
2.38 4.2 100 0 26.2 
Table B1 
..... 
cont 
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t. I j 
Aa MPa 
Sample Rock Pd w Sr Q, 
No. Type 
Mgm-3 % MPa +20°C 
-16°C 
98 2.36 4.8 100 0 37.1 
2.34 4.7 100 0 33.6 
2.40 4.3 100 0 36.3 
2.37 3.8 100 0 16.5 
2.40 3.8 100 0 20.2 
100 Sa 2.44 1.8 39 0 19.4 
2.42 1.5 30 0 38.0 
2.43 1.3 27 0 33.1 
2.34 4.7 73 0 21.8 
2.40 4.0 75 0 41.2 
2.37 4.4 76 0 31.9 
2.39 3.3 60 0 39.0 
2.40 2.1 40 0 22.5 
102 Sa/Si 2.34 3.5 55 0 27.1 
2.40 1.6 30 0 16.0 
2.37 0.0 0 7.3 51.3 
2.30 2.4 34 7.3 53.6 
103 Sa/Si 2.37 3.3 57 0 10.5 
2.32 4.8 72 0 14.8 
2,36 5.8 100 0 10.7 
2.30 7.3 100 0 4.5 
105 Sa 2.30 8.1 100 0 19.2 
2.35 5.2 100 0 3.5 
2.28 8.1 100 0 1.7 
2.27 8.9 100 0 12.6 
2.24 11.5 100 0 15.9 
2.36 5.4 100 0 4.6 
2,36 4.8, 64 7.3 44.9 
2.35 7.5 99 7.3 12.3 
2.32 7.6 94 7.3 12.9 
2.33 4.7 60 7.3 38.5 
2.37 4.7 66 7.3 41.8 
2.36 5.0 69 7.3 39.8 
106 Sa 1.90 11.5 91 7.6 37.9 
1.92 6.1 50 7.6 48.0 
1.91 7.2 58 7.6 46.3 
Table B1 
..... 
cant 
202. 
Aa MPa 
Sample Rock P w S C73 d r No. Type 
Mgm-3 % % MPa +20°C 
-16°C 
107 Sa 1.87 12.7 100 0 3.7 
1.89 12.5 100 0 24.3 
110 Br 2.26 5.9 100 0 20.5 
111 Sa 2.19 6.9 100 0 6.7 
2.21 6.5 100 0 11.1 
2.16 7.5 100 0 13.9 
2.09 8.7 100 0 7.0 
2.07 9.9 100 0 33.7 
2.18 7.9 100 0 36.6 
2.19 8.3 100 0 39.7 
2.05 9.9 100 0 32.4 
114 Mu 1.94 0.5 3 0 16.9 
1.92 0.6 4 0 16.6 
1.81 11.1 58 0 17.8 
1.95 9.1 60 0 12.4 
2.12 0.7 6 7.6 58.3 
2.15 0.9 9 7.6 47.6 
1.82 6.3 33 7.6 53.4 
2.06 3.6 29 7.6 33.0 
115 Sa 2.08 9.4 100 0 11.1 
2.11 9.0 100 0 9.6 
2.08 10.2 100 0 14.0 
2.10 8.7 100 0 16.1 
2.06 10.6 100 0 42.0 
2.05 10.1 100 0 39.8 
2.06 9.7 100 0 31.3 
2.25 5.7 100 0 24.9 
118 Sa 2.06 9.2 100 0 10.3 
2.11 9.9 100 0 14.2 
2.13 8.7 100 0 12.2 
2.15 8.1 100 0 37.7 
2.10 10.7 100 0 32.6 
2.17 7.5 100 0 32.8 
2.08 9.3 94 7.6 35.0 
2.05 10.1 98 7.6 37.6 
2,09 3.6 37 7.6 45.9 
2.12 3.6 40 7.6 56.5 
2.03 4.1 37 7.6 40.0 
Table B1 
..... 
cont 
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4ý ýb 
Aa MPa 
Sample Rock P w S Q, 
No. Type d r 
Mgm-3 % % MPa +20°C 
-16°C 
120 Br 2.38 2.2 59 0 4.9 
2.40 2.2 65 0 15.3 
2.40 2.3 68 0 21.9 
2.43 1.3 21 7.9 67.1 
2.16 11.1 99 7.9 15.2 
121 Sa/Si 2.39 3.3 79 0 18.5 
2.38 2.7 61 0 18.8 
2.36 2.4 50 0 28.8 
2.36 3.7 77 0 19.2 
2.40 3.4 83 0 13.1 
2.39 4.0 95 0 16.2 
2.33 3.4 64 0 18.8 
2.41 3.0 77 0 25.5 
123 Mu 2.41 1.3 21 0 43.4 
2.40 0.9 14 0 50,9 
2.36 2.2 31 0 23.6 
2.36 2.4 33 0 42.0 
2.37 2.0 29 0 11.7 
2.40 1.1. 17 8.0 61.7 
2.40 1.1 17 8.0 70.0 
2.37 1.8 26 8.0 15.4 
2.37 2.5 36 8.0 24.4 
constant stress rate =1 MPa/s 
Sr 
- 
Breccia Pd 
- 
Dry Density 
Mu 
- 
Mudstone 
Sa 
- 
Sandstone w- Moisture Content 
Si 
- 
Siltstone Sr 
- 
Degree of Saturation 
a3 
- 
Confining Pressure 
204. 
Table B2 Strength test results at 
-10°C for soil specimens 
subjected to constant deformation rate of 1mm min 
t= 1.3X min approx 
Material Spec. 
No. 
Test 
App. 
Pd 
Mgm-3 
w 
% 
a3 
MPa 
AQ 
MPa 
Cf 
% 
LAF S53 HPCC 1.51 25.8 0 4.80 15a 
S54 1.52 25.3 0 4.69 
S55 1.50 25.7 0 4.71 
S56 1.55 24.0 3 5.98 
S57 1.53 24.2 3 5.85 
S59 1.51 24.1 6 5.90 
S60 1.51 25.3 6 4.92 
S61 1.52 24.6 6 4.87 
S62 1.54 23.8 6 5.12 
S63 1.53 23.6 6 5.75 
S87 Hoek 1.51 24.3 3 5.49 
S89 1.54 23.8 6 5.80 
S91 
-1.54 23.9 12 9.92 
S92 1.51 24.5 10 10.14 
KM K5 Hoek 1.58 21.9 10 10.7 20b 
K6 UNC 1.57 22.7 0 4.0 
K7 1.59 22.3 0 3.3 
K9 Hoek 1.58 23.1 6 7.7 
Table B2 
..... 
cont 
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Material Spec. 
No. 
Test 
App. 
Pd 
Mgm-3 
w 
% 
a3 
MPa 
Qo 
MPa 
Cf 
% 
LAL W1 Hoek 1.67 19.2 0 14.4 4.6 
W2 1.66 19.6 6.8 23.3 8.2 
W3 1.68 19.0 10.3 27.0 10.5 
W4 1.68 19.2 0 14.4 5.3 
W5 1.67 19.5 0 15.0 4.2 
W6 1.67 19.6 0 13.8 4.7 
W7 1.66 19.1 0 13.7 4.7 
W8 1.67 19.1 0 14.0 4.1 
W9 1.67 19.1 10.3 28.9 10.6 
W10 1.65 19.6 10.3 27.4 10.5 
W11 1.66 19.8 10.3 28.7 9.2 
W12 1.65 20.0 10.3 26.3 10.5 
W13 1.67 19.6 10.3 27.0 9.3 
W14 UNC 1.69 18.2 0 15.8 5.3 
W15 1.67 19.2 0 15.0 4.0 
W16 1.70 18.2 0 14.9 3.3 
W17 1.66 19.1 0 14.2 3.3 
W18 1.64 20.2 0 15.2 3.3 
W19 1.70 18.6 0 14.3 4.0 
W20 Hoekc 1.69 19.1 0 13.6 3.3 
W21 1.70 18.5 0 13.9 3.3 
W22 1.65 20.3 0 13.7 3.3 
W23 1.68 19.3 0 13.4 3.6 
W24 
-1.69 18.8 0 14.0 2.6 
W25 1.68 19.1 0 13.7 3.4 
W26 1.69 20.5 0 13.7 3.3 
a- Nominal 15% strain defined as failure 
b- Nominal 20% strain defined as failure 
c- Membrane removed from Hoek cell 
pd 
- 
Dry Density, w- Moisture Content, d, 
- 
Confining pressure, 
Aa 
- 
Deviator stress, of 
- 
Failure strain 
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APPENDIX C 
CREEP TEST RESULTS 
týo$ 
209. 
Table Cl Creep 
and KM (-10°C) 
ditions at failure for LAF. LAL 
Series A- LAF Sand 
Test 03 
.a 
ASR 
Failure Point 
C K 
No. m m 
t e t m m m 
(MPa) (MPa) (Z) (hrs) (X) (Z/hr) 
S30 0 4.3 110 0.076 8.6 68.4 0.60 40.4 
S31 0 3.0 77 0.95 13 7.2 0.53 13.4 
S32 0 3.7 95 0.184 12.5 39.1 0.58 33.4 
S43 0 3.17 82 0.212 25.4 74.5 0.62 66.5 
S66 0 2.4 62 15.9 18.6 0.44 0.38 6.5 
S67 0 2.4 62 14.94 20.7 0.5 0.36 7.8 
S68' 0 1.92 49 14.75 10.3 0.26 0.37 3.8 
S69 0 2.4 62 7.81 15.4 0.74 0.38 7.1 
S70 0 1.92 49 100 13 0.035 0.27 3.7 
S73 0 2.64 6.7 4.39 16.5 1.6 0.43 8.7 
S18 1 5.88 134 0.209 14.1 51.2 0.76 46.3 
S19 1 3.92 89 14.2 18.1 0.26 0.20 10.6 
S78 3 3.81 70 1.08 22.6 9.56 0.46 21.8 
580 3 4.45 83 0.75 30 24.1 0.60 35.7 
S84 3 3.81 70 1.51 26.8 7.95 0.45 22.3 
S64 6 1.80 26 30.62 7.2 0.059 0.25 3.1 
S85 6 3.48 51 3.38 28.4 3.34 0.40 17.4 
S88 6 2.32 33 194 18.4 0.02 0.21 6.1 
Table C1 
..... 
cont 
210. 
Series B- LAL Sand 
Test a3 Aa ASR 
Failure Point 
C K 
No. m m 
t e 
m m m 
(MPa) (MPa) (%) (hrs) (%) (%/hr) 
UC1 0 2.68 17 59.5 2.5 0.01 0.24 0.9 
UC2 0 2.8 18 101 2.5 0.009 0.36 0.5 
UC3 0 4.2 27 42.3 4.4 0.033 0.32 1.3 
UC4 0 3.5 23 77.6 4.6 0.017 0.29 1.3 
UC5 0 5.6 36 8.9 4.5 0.26 0.51 1.5 
UC6 0 7 45 6.5 5.1 0.34 0.43 2.3 
UC10 0 7 45 9.9 4.7 0.17 0.36 2.1 
CC4 1 7 42 20.1 4.7 0.094 0.40 1.4 
CC5 1 5.6 34 62.3 5.3 0.034 0.40 1.0 
Series C- KM Clay 
Test a3 Aa ASR 
Failure Point 
C K 
No. m m 
tm em tm 
(MPa) (MPa) (%) (hrs) (Z) (%/hr) 
K8 0 1.48 41 51.9 18.4 0.15 0.42 3.5 
K10 0 2.22 61 0.56 5.0 5.58 0.62 7.2 
K11 0 1.8 50 149.5 15.1 0.036 0.36 2.5' 
K12 1 3.18 74 0.09 9.4 60 0.57 37.1 
K13 1 1.59 37 900 5.5 0.002 0.33 0.6 
K19 1 2.15 50 9.98 12.7 0.98 0.77 2.2 
211. 
Table C2 Creep test results for LAF sand 
- 
data taken at apparent 
trans ton point between primary and secondary creep 
T-inor 
Test a3 aQ ASR 
Prim. 
- 
Sec. Point 
C K 
No. ps ps 
tps Cps tps 
(MPa) (MPa) (%) (hrs) (%) (%/hr) 
S68 0 1.92 49 11 9.6 0.175 0.20 5.9 
S70 0 1.92 49 70 12 0.036 0.21 4.9 
S76 0 2.16 55 1.2 8.8 1.73 0.24 8.4 
S66 0 2.40 61 7.2 14.4 0.475 0.24 9.0 
S67 0 2.40 61 9.5 17.9 0.504 0.27 9.8 
S69 0 2.40 61 4 12.5 0.75 0.24 9.0 
S73 0 2.64 67 2.6 13.3 1.6 0.31 9.9 
S31ý 0 3.01 77 0.475 9.5 7 0.35 12.3 
S43 0 3.17 81- 0.145 20.1 77.2 0.56 58.9 
S32 0 3.70 94 0.08 8.15 40.3 0.40 22.1 
S30 0 4.30 110 0.054 7.2 65.6 0.49 30.3 
S19 1 3.92 88 10 17 0.236 0.14 12.3 
S18 1 5.88 133 0.11 8.8 52.5 0.66. 37.5 
S83 3 1.91 35 10 8.15 0.117 0.14 5.9 
S82 3 2.54 47 0.44 10.8 7 0.29 13.6 
S77 3 3.18 59 1.2 13.9 5.04 0.44 12.8 
S81 3 3.18 59 0.54 17.2 8.71 0.27 20.4 
S78 3 3.81 70 0.58 17.9 9.93 0.32 21.3 
S84 3 3.81 70 0.59 19 9.41 0.29 22.2 
S80 3 4.45 82 0.22 17.3 26.1 0.33 28.6 
S64 6 1.80 26 140 8.3 0.007 0.12 4.6 
S88 6 2.32 33 110 16.5 0.021 0.14 8.5 
S86 6 2.90 42 3.7 15.5 0.741 0.18 12.3 
S85 6 3.48 51 1.25 21.1 4.04 0.24 20.0 
S97 10.2 2.80 31 0.6 12 4.6 0.23 13.5 
S98 10.2 2.80 31 2.1 11.9 0.92 0.16 10.5 
S96 11.2 4.20 44 0.21 22.8 31.2 0.29 35.7 
or 
212. 
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